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Channel Equalization Method, Using Adaptive 
Filters, Combating Non-Linear Distortion and 
Intersymbol Interference for Multipath Fading 
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AVYYV&YY i^jauijb sjLuj 



jji^ (j;l«t Liaj .^ja-N j!i£^ ;L<uAlj .iliioit 



)T'\> j±L 



** •* 

Lj <g^.l^ tdboii ^i^jjLk-a l$\a ~'' i "j i " rSjya l_Ss_j <_£jj (JJJJ ^ cff^ U^W Oijfi cs^^M j' cs^S 

-<_5-a T-\ jJa jL^Lj 4-J .'"'"'J*' duiJ J.} LA (jl jl ^Lc^/Ual 4_jj£ £cjA A£ Cluil ^LA JLjSLliai j LA (JUl£ 

-LS - * U^^ cs-^J^ ^ ^^J - U^' J^ ^* i*" ' "J ' " ig^-'-"^-"' lLuaA) j AjLjj (JUIS jJA^aj <_£l^>J cs-^JJ ( " u "jW 

(jjLa (JUl£ j^ La (Jl is j i n <_£jj ^>j ^•■•^ ^£- r-L^jcl j jj_»j jj^ "^ c^-^jc - jsH^ oj2>Lc. <j ^j^it 

j.} ^gjLoijI (Jl iS j i ii ^gjLjjLj tAJ^)J {^a ?cjj ^^SjJjolo .Ha. o^jAj ' " lie. 4_J JLjXjjoi ^^S-lioija-a jl <£ 

_.}jLial ,_«a jj (JXjyLa Ij oAJjjS 

t Laui jLj-a (_Lil^J j ?rLi.jC.I jjl Lj ojjl_J«a (_5^ ^-* (J^ °'j U^J^ f^ j' CS^S ' <_£ j^" - ^ - *-^ 4 
L^VLj (jj*jl£^)3 ' " lie. 4_j <_£ JA3 ^"'T* _>A j' Pr'j- 4 ' jLjoiiJl jLSLal (jl j.} A£ jOjoi jjAj Clll^jLi-a j^ (j^xkVLj 

^ljoiLj a£ ^La (JLjI£ -^>^j cs^^h 3 j' .^j^ cs- 4 ^-j3jS jl£ 4j j oAjoi AlLkLiij cjjI.j ^_j^j (JUSLiiai 

ajjj tAJj£ (^ JJJ*J jL-«j ' " I »'»'>' y^ Lj (JLjl£ ^LAjlaljLj I ■ '<ax i j o^jJ JJ 1 '"' ^^ ^* j' cs- 1 ^^^ 

^S l£jj _>? cs-^U - ^ (J is j i 'i a£ ^La. jl jl .^jjoi (_£-« jjblj I j ^ jLoij^Lxia <_£La <_>>jj j-^j u°." 

'"';■"'' .jja. ' J.) 1 '"' JT^J^' j^^ (** J b ^Ji cs-^-^u' (J^v-jjai A'u'i'i.IS jj^LLa jl (_5-»-jLj Saa jafc (JUl£ 

.IjLj j.i_aJ cs^J _>? oj2/Lc jLoU^Lxia h"udI ClljLiLa j5Lp jLS-a Lj jLSLa i Ss_j jl j J;J»-i-a U^O ^j 

.AjoiLj jjj laa jj^- 

jl AjjjI JUSLloi (^Lj jLj j JUSLiiai t_i^k-a (_l<jIjc. Lj <LLLa dj^ -^ (jijl jS jjl j^ oAjoi 4jIjI <_>ujj 

L^jL j^ jl JJJJ3 jjl AjoiLj f^A J-^J 3 jjLliaiJ-aA iU 4j ^^SSj J^jS CS^ - ^ j' 6-iLsluil (_$ jLaJ^Lstla (_3J^)Ja 

(JjAii xJci l_SLj (_^ljl^ La jl jl ^^So <£ (Jliuil oAjoi jjSLiaij aj! AjSjS jl^>s ^p-j^5Lj Lj (_^jjoi Cjjja^s <j a£ 

J^ L)^ LS^y^ Cy^Jp* j'j^ .^"W cs^ ^ La t^LLaLjj^ /uLi t_Ss_j jl j5LiaLLa l5j5o^ j i_SLjjLLail laa jj^- 
ijlLa t_jjljjJa (_5-jLiaij jjj <J j (JUl£ (_^La ji-aljLl jj-aiJi (_3J^L jl Lc^aa a ^l^jLk-a (JLjl£ Lj t^jij 
j^ ^ JUSLlioi 4-ajJala ^)iaJ <UakJ jl~) ^ja. jLijoiJ t_JJjij Lj <_^-ijJj (JLjXjjai diaLjj^ 4j ja La AjIjJ ^^-a 



Noise 

Nonlinear Distortion 
Fading 
4 Multipath 
Equalization 

Intersymbol Interference (ISI) 
Adaptive 

Hammerstein Filter 
Signal Constellation 



dlLa^La '.UJ> Ijr^-i 
Ia (jl dlL^xkjaba j ^gjl^jLk-a (_£l& (JUl£ Y-^ 

iSjji jjj2 <_5^ cJVjl^ Y-Y-^ 
t_il jjj L-5\j1>Dj£l (_^Ia JUl£ f-Y-^ 

jLaJ^lxia JajaijJ JJ^JJ (JJjIjal ^ -T-) 

U jLutaUlo pljjl Y-V-^ 

ISI u>4 J^"* J V^ >> ' *;^ V-V-^ 

(^kk (jUjlaitaUlo f-T-\ 

(^jUa.1 ji*^a) ZF (_5^ jLaJ^ljLLa -L_i3l 

MMSE jL*bl*l*-^ 

(MLSE) ^AL^ (jJjluUj Ij dlc-^Ual 4jjoij (jiAaJ A-V-^ 

jj « i aj i^LjAja (_^jLai (J^lstla f-V-^ 

^^JLllLj laa l5 jLuiJ^lstla ^ -Y 

ZF^jJ^ 1 ^-* 

(-S3 j a 1 a i <aj < « a ml jLu (JLulaA Y - Y 
(^j jl" (j^-J^ 1 " 1 * (jLw (RLS) c5^*-^j^ tlA*JJ<a JjjIaS (_jU ^JJjjSJI V-Y 

((j-ajl£) ^Jlju^jlj dllajj-a (Jjj1a£ j»JJjjSUI ^ -V-Y 

(jj£) t_lljjlj .}ji> (_^jljoi (jLobaA f-Y 

4jLoij jl&l .ia. J^*- 4 _>? j' 1 *," JJ^ <_£ J -1 ^ U' ' ■' «<>> ^ -^ -Y 

<_£jU! jlplj^ lS^ (4uj^ Y-f-Y 



(_^l 4 U^ Aia. aJ i "J i " jjj 4_j <_£-ijJj <_£ jL"i .lalstla X-X 

USs\ Cj£j^. ojl^jl t_jLklJl f-X 

^ jLul AjJjol PPJLU i >)lg-j^ (J^^ 

MATLAB 4-«Li^>j Jajoijj ajjjjSoI <_£ jLai o^Lij ??jUiJ ; ^ a a j a > >i 



dll^La \(Jj\ (J^^ 



i"\\ , ^.-^ ."/> _ajjjoi (_£>» (JLoijI l& (jl <_5jj ^>j dilc-2>LLI <£ diml ^^SLjjja (_^Ia (JUl£ CjL >■»■*■ ■'" tCiiail 

jjaj i " a JJjlj AJjLui ^^-a Ij ^l^jLk-a aJ ■ uJ ■ a i Ss_j A£ ^lA t-^jij j|j*J j f-_aj (_£jj ^ ojlj-aA (JUl£ 

i_JjjaJ '"'* a jj t jjlj ^gjLoiji (JUSLiiai <_£jj ^>J ^I^A^-a (JUl£ A£ <_£jIjI ojlj-aA dli£ jljJ <_5-a 'Jjl J 
jiaj -ij_a-« <^Jl .JjuJL) ^^-a ^ W^il (JUSLliai ^Ljjlj j L_l^>i-a jllil jjl ?-2/L^al f"ljia <illaj j 0J_aJ (JUSLliai 
-<_5-a oJJjj£ jj tdisljjj -i_afg-J '"'*?■ ^^l^. olj 4jljl j jUil jjl Lj ojjlxa LalLull idiiall <CaL jlA-1 jjl 

.Jjuilj 

?cjjjajj 4_j j AlikljjJ i_S\JjL.a.ui Cjjja^s 4_j ^l^jLk-a aJ i uJ i a i Ss_j ^^a-a 4_j 4_k^a2/Li. JjJa 4-J IjIjI 

jl (_£jJ£J ClliualjjJ 4_j ^l^jjLk-a aJ i "J i a jl La Clbailj^J a£ l^js. '(=>^^ c^- 4 ftJJmj ^-^-O j^' J J l^J 1 ""''*'■ a 
oJJjj£ j oAlLoi^a l-SLj jj>^aUc. jJJJ /« W^l ^IjSljJ t^jiJ \ - \ (J£-La .-^£ JAlji. i_SLa£ j j (JJJJ (JXjaba 

. ja j {^a jLiu I j (JLua^j a 

(JUSLliai l_Ss_J Lj j JJ j i *3J j Cjja^s JJjLaA i_£ijjljl (JlJXjjai i_5\J jjljj ^g-a (JUSLiiai jJjJ ,*-li-a ^^J^jji* 
(_£jjj^a jIjxJ (_£jl^> j 4luua£ jl-aj JJ ^£ JjoiLj jJjJJ-al£ l_Ss_j jl ^^j^j^k (_jljJJ ^ ■"*> (Jlinajj 



Aioij i_5\J dljjA^a 4j \Sh\ AjoiIj A£ 4a. jA A-li-a ^ga.jja. JlllaJ.} dlljAa-a j^ /"unl (^^ajja. jj£ljl£ 
/JijJ «il.ixj jjjla£ L Ij ^^a.jja. jjl A£ aJJ i aA jjl (jLu.i 4-J ojl_aAA La .Jjjuu ^g-a (JJ^JJ .il.ic-1 jl (_£jJjL 
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^l^jjli-a -' i "j i " L-&J (_jlA (jLall ^ - ^ (JXjoi 

a^»IjI£ Jajoijj a£ (_£jjjL ^l^c-l jl (_^l Aioij <j <_5-ijjj o-il-i cy-^J -^'j^ •r^^ ^J^ AlSLj I aa -iLa>jl a£ 

_^jjoi ,_«a oAxaU o^l^ <_£ jLai o.ijjai3 U ,*-li<a i_5\Jj^S AjoiU 4j3jE dljjj^a (JJJJ j^JJ 
oAij£ .}£ -^j'j r^ -4 ^ cs- 4 Cjlc-2/Ual Aioij Ij Ia jl La j_»J^I ^£ j*-^- 4 oAii£ .}£ jl ^g-ajja. (_£lA dnj 

L a£ (_^jjJa <j diuil ^ L^il dnj Aioij <j duj (_^^l^*j (jijljal (JLl£ oAij£ ^£ l_s^a .ajjjoi ^^m (JLl£ 

j .}j£ 4_Jc. (JUl£ j.} .}_aa_a^ (Jal«5j j JJ_»J jj^ j»A (_£jL)l JJ j'j-^ °-^J^ J-^ Lfc CjJJ jjl jl o-ililioil 
<J tlllc.!>Ual daLj^l jLuaL! Cl£a. i-£jlj jjl jl ajUluil Clia£ (jljJ (_5-a .-i_a-aJ disbj.} Ij ^^Ik^al ft.il.} 

..IjLaJ ,_-a JJ-^-a I J ' iaa ?i la ■ <aj j J ^J"**- ■'''' j o^_aJ oAJjjSj.} j!i ?i la i a (JSLai 

xilj j.} A£ ^jjoi jLuaJ a jjjVjAa ^jlJ -^jlj ft-il-i *-i" -^ AJLli.} A£ ft-i^J jl jLaj j^aJ^I 
Igjj dm-nJa j.} oAjoi Ajaliioi (_jlA JLl£ aLaJ A£ (^La jl jl ..luiL) ^g-a (JUl£ 4_j JUSLiiai -ijjj Jajailj 
(_£tlp (JJ-ifJ ^_J^ j^' <— 9-iA jJJjl Clluil (gUJjL IJlmA (?T_a-a (JSLioi^^^SLjjjSoI (_^Ia JUSLliai Jliljl <J j^li 
-/«-a jLoijI jJjLl (jj*jl£ji j.} A£ (^Ia JUILiiai j»j^ ^a.J^ J^ .-^L ^g-a jLoijI (_L;l£ ?rl_a-al ^-J jLuaJ a 



Source coding 
Information sequence 
Channel Coder 
Error Detection and Correction (CRC) 

5 Digital Modulator 

6 Interface 



jlil (_^Ia AjIjI (JjJa A£ Li. jl jl _.}_aJ AiAlji. AiL (_£lgJi.j-a (Jjia <_5^J^ cs^J^^ 3 (3-J5Llui jja-aA .AJjjjJ 

(jjlia. (_5^ ^j3^ jW^ jLol L jlil t"<^.l u Ail_j-a jjl ^p ^jl^ ajSj i " a '"';■"'' (JLoLjjui 7: y* Ujb L 

.AjLaJ ,_«a ^Lj^a h jjjVjAa jl a " °' ■ "' ,»jjj -^_J^ pjj>ia_a^ jjl <£ .}_aJ .AAl_ai. j5La«ajJC. (jlA (JUSLiioi 

# JjjS Cjjja^s ' alia a (JlSLail j^ /JijJ Ala. (_^Ia AjIjI Lj j (_£^>JjIj Cjjja^s 4j Ailjj ^g-a jjjjaiVj.la jjl 

(JLiSLiiai diaLjj^ jlSLal (jl jl j^S L (JLSLiiai j dim I oAjjj£ j o ajlm^a jjj La (^Liaa *ilj j^ (JLl£ 

.iljl (_^Liaa (jja aA jOjoi (JjAj (JLiL^) (JLl£ p_aj jl 4'u'i'i^S _.1A.} ^^m La 4j Ij JJJj-i jLjoU <_L^alja j^ 
jLaj jl j^S Ll (JLiSLxioi 0jl_aAA (^jJ-ilj JaLiijI '(_£j_aJ _>^ tj»Jjai 7T J j jj^"" 4 * L>^ (JLL^ i^^ajobajl^ 
jj^aj 4U) jl /gilaa ^ (_£l& jl£ j jLui AiljJ ^g-a ^^.ijjl jjl .^jjoi ^^-a o^jjl ^lijl -iijIjS i-SLj (^j-ia 
jja-aA ^gjLuiJl Ajlla jl (_jAUjJ jj^aj i^^SLxJjjjfol (_^Ia olSLLoi^ JajoijJ oAjoi ^JJjJ '^'J"?* cs^j'^^ - 
-i_£_alJ .AjaiU AiaiU (Jj^JJ J -iC-J jl oAjai * "' ' " 77< *«l jj^ "^ (_£_*?■ _3^_*^ . J ' t — '*' U^*-^-' 4 J U^- 4 ^' 
Li AJjb oA^C- ^>J oAjoi <Cii£ oAlLai^J j^ 4a. jl Ll (jjoj5vj«-a (_^l AijJaj Ajl eAui (j^aauoba oAijj£ j^ A£ ^Ls 
(Jj^aaj _>JjL^ <J (JSI^a. (_gl laa A*^aj^ L lj oAjoi (JLuijI (JLiSLliai lA ^^S^jjI p_aJ jjl ^>J <Jc- L djLj i j^ 

j^ ^_a^_a-a (JLlXjjai oAij£ t_jj^)ij jLil Lj 4_LlLa Aioi_aJ jjl j^ ^— uiLuil '"'»■■; Ajoi *Cii£ a£ jjJajLaA 
i^l^jjLk-a (_^lA JLil£ pl_aJl -^J_a-a J^ ^Lc^iLbl AjL IjlIjI L_S^A jjl <J Jjj (_5l_>J .AujVj ^^m JLil£ 
?iLlkiajJ <J AaJ (jiaj J^ -( aJjailj AiaiU AJjI^S (--a I— S\J ^)A (_5jJ ^W *" L^J^' J '— ^S ^ L$^ * ' J * 1 '^ '"'"' 

kbjJ jaJAlj^ 4 jj i a " jjl 



-^g-a Jajlj jjl iAiiailj ^g-a oAJjj£ j oAlLoi^S jjj -iajlj ^l^jLk-a (_^lA (JLl£ Ajoi «Cii£ A£ Jjia jLaA 
Clllc^AJal jl j^ A£ L$Jji _J£& '-^ (_5-« U°"' i a I J ^^SLjjjSoI (JLlSLxioi A£ j»Jjoi JTjj ^Lj jl (j5v.uLJ.n AJljJ 
r-lj-al jl jl j^ A£ AjoiLi t_ll jjj L-la a L j i^jjoi ^^-a oJlljl (Jliljl oAjoi <1jAa j_aJ JJJJ ^Lj JajoijJ 

_^jjoi ^g-a AjSjS °^-J °-^^ (Jliljl (_^I^>J ' ^ImjSI 

"1 , u'a Aj|jj ( ^ 4 jj_aJ AJla /"unl ^gJtAaaJ jj^aj i(jU5Lliai (Jliljl j^ oAaC (j5Laba i_S\J Laj-afr 
^jjoi ^^-a o^lilioil ^l^jLi-a aJ i "j i " ^^j^l^Ja j^ lA jl jl A£ AoLi ' " u\ a ' " ll ■» LaJ L j lA ClLajlLa (jja aA 



Wave Length 
2 Solid State 



4j AjljJ g^A (ja.lAi J jj_aj j5Lp ^^-* .-^J- 1 ^ 1 CS- 4 J^*-^ t3^j'^>^ j^J^ ^ j^->^ (j^ j' C5^" .-^W 

jl .^jjoi -ila>jl (JUILiiai <_£jj _>J (JUl£ (_£l&^>Jjl£ ^k-J^ -^">JJ oAjoi Alajl (Ja.lAi jj^ "^ cs^J^ ^-ijjj>-*a 
j 4_Lal.i j jli r-la.jC.1 ijjlJXjjai ' "J- ■ <aJ 4j (jljJ (_5-« (JUSLliai l_Ss_j -ijj-« J-i .i_aa.j-« t_l^k-a <_LaljC. jSLp 

. .ijS OjLall (-S^JJjatxJ Ala. r-La._jC.I 

dljJjAa^a -ijj-a (jjl J-i Lai ,t"unl ^Laijl (JUSLliai (jljJ (_>yl j*' ' j^^ J^ (jji&l£ (_^Ia olj jl ^^Sv-J 
jSLp oAii£ i j la a (J-alc .Ajjlj -^J^J (^-i^c- (_y^ jaul Jr^-i^ J ,~' ' "J ' " J-i 4A9j jl£ <j I ja.1 U^3 jl ^lA 

.(Jlluil (Jlil£ .}_aa.j>j Ajlj (_jlJ^J 

( _ 5 jou« i»jjai jl <j5LulL« (_^Ia (jUl£ ) - Y - ^ 

j lip jAia-aA j ^jj^a (JliSLliai (Jliljl (_£l^>J cs- 4 ^ 11 '"j'-'A. jl <_5^ Q.Jj2u£ Cjjja^s <j (jili AiLliai 

uiAJal ''» ^ jjj5vJI (_^Ia (JUl£ (j^Jjl (Jl-i>.ii£lj£ (JjI£ j oAiAj ^Jj^i JTjj i*-^J J-^ .-^ cs- 4 o^lilioil jJAjj 
A£ (jali la j laa ^^1^ JjJa 4-J .AJAj£ ^^-a 4jljl (J_aJ3 (Jjll Aa j^ <_£Ailj (_£lig-i A£ AJAjj oAai ' " I JaSl a " 
<_5-jla. j^ (jjl .AiLoiA Jj^>AjL£ Ax^a Aia. AjIj (_£li$-i <_5^J^ Aii£ ^g-a J'^'" ^l^jla-a j^J-« 4-? lj _>?J^ 

.Auij (-A jj^)AlSLa Aia. U (JLimi£Ij£ (JjI£ <_5jJ jl-^-« (jjl ^ Clboil 

jj_aj j jli r-lajC-l t4_Lal.i r-lajC-l jl jLaj-aA (JUl£ p _jj jjl <_£jj ^>J ^Loijl (_£l& (JUSLloi 
.A&.} ^^-a t- j jW^ ^* (Jljl£ (jjl <_£jj ^>J AjLoiaA (_^Ia (jUl£ jl (Ja.lAi <j;iia. >A .AJ^)J ^^m ?tjj ^-jtAAaJ 

(JUl£ (jjl AjLj (^lig-J dioil Aialj l^jLiioij ?rljj (jl CIjI ja^aj j (_JJ_aJ _>ij3 jl o^lilioil JJ^I AAj^ j^ 
jl Ia (JUl£ jjl _AiLoliJ (JJjlji (_Jjli (JLlui£lj£ (_^Ia (JjI£ Ij 2>L^al j o^^aJ VIj <_jl oAii£ oj^ Cjjja^s 4j Ia 
Ij j LED ) J_*J (_5^* J^J^ j' (JlJSLtui (Jlilil j^ A£ l^ja. iAiLoiA jbjja.^>j ^s^ jW^ (JlJSLlu) ' "J* ■ «aJ 
L^j^jj ^>jj3 (_£l& (JUl£ j^ JJ_»J (''-J^- jl .^j^ t5-* caLsILujI o^b (Jlalil (_^I^>j ' alia ^ (_^Ia CjAjoi Lj (jj^ 

Pj£ ojLjI ^^SLiJjjjSoI (_^Ia oAii£ Clyjij j <_£J_»J (_5^* ^J^-^ ^ (j'j^ CS^ 1 



Thermal noise 

Twisted pair wire line 

Coaxial cable 

Guided 

Cross Talk Interference 



ijfr-ui J p_jj 4S J_jjal c-A fl " Ll i "' jiJl I— So jl (a-iollJ dlL« >i)T LUJ jl (JliXjjal (JLialjl (_£ljJ U^JJ (_J-J» JJ 
Jai. J J (Jliijl |Jjlj J _J^J (J^JJ U^' J J U^jj' ^ W^ll p _jj 4ju! ,jj£ {^A JJJ*J (JLaljl (Jjljl£ji 4_J AjjoU (jl 
p _jj jjl jj (JuXjjoi c_]j^a (_>aljC- jl g ^Lajoil ?rl_a<al jLoUJl j ^^jj-aj 7T_a^ jLoiiJl 4 (LOS) -^P 
ia i " jj oJjoi JI-?jI JJ_»J (j-A^- 4 * . -^P ojLail (_£_aa. Jajljiai la ■ u jj oJjoi jt-^-ll Aic-L^a 4_j jljJ ,,-a jl ujjjl 

.JJjoiIj {^a j-aljC- jjl j5v-p jl C-lt jj^ aJ JJ ^jlja. JJ>J J JJ^J 

jAj (_5-« T~ j (HF) VIj <_^Ia (jjijl£ja jj CiljA^a jl p _jj jjIjj I-jjj<« ^ ^^/IS-ioba jl j5oj cs^s 

(_jlA JJ^Ij l-J ' aiaa a (_g\A j-luui jl oJJjj£ 4_J JljSLliai jJOuij (jl f- j3j ' " UC .Clbail ^^SjJjaba Ala. oJJJJ 
jjl jUil jSvJJ jl ^ "* ■* j^m .JjJ^ (_5-« !;"■" j^-J- 4 (JiljJ jj^ "^ cs^-* eJJ.ll 4_j ja La A£ dim I t klaa> a 
olj-aA jili Lj jJj£ '"'.'"• ' a ^ AJljjui (_^Ia jJjIj 4-J jjlj (_£j-* A^oA i aa ■'" jA l-JJjSJ a£ dboil oJJJJ 

/"'"■' oJj£ AjjaJi I j jl 

j_aa-aA jLoiiJl 4j JajJj«a L_j2/l5\-iaLa 4_j jljJ ^^-a lA (JUl£ p_aj jjl Ij JaJJj-a '"'^ ■ laa a jSv-p jl 

j (^_ja. i alia a Jajl jiai jj ^_*<« jJ-»i A^ ' (JjA5vjuI i (JjJ^j) ^'^* JJ J ^ ?"_?■* U"0 JJ J ' ^ J..' 

Jj£ ojLjI VLj J^"J J Jjaba ( — ^' ' " 'I ° '"' 

j jj| oJjJ (jjjljil 4j j j j oAjoi f- jjjoi Ia (jjo_aJlj3l jj jaJLuia (_^lA '"'j» )l3 <1lujS AAj JJa. jj 
4 x » U ■« 4j jljj (jjo^ajljal r- jLi. ?i ku 4j (jj^ajLjal ^ U..< jj oJjoi Ajj*j (_^Ia jjjoiIoi jl Ijjj JLaijI (JJJa aA 

c" W nt oJJjaiij (JjjjI jal Ij t_ll jjj dlljjLk-a 

jl A£ jjl jSLa jjjljj I J t_ll Jjj ^giVjJa (_^Ia '"'^ ma JJ JJ}E- (^UIjJ ..ijUl 'ii /> jjj5UI ?rlj-al 
jljj Jj_a-a ojILoiji l^^ J^-J^ (j'J^ J ^j3^ 6 j'-^' J f?^ >-«' .?•£& fijlsluil (JJjLj J^J- 1 ^ (_5^* (J^^jS 

' "J'* ' ^' l^'^W .-O^ 11 ls^ (j^- 4 - 4 j^ - Jt-ac. Ij jl j ojjj VLj j!-j-">j Ij j" (JJ' ^j* pr'_ 4-a ' p_^ u^' 



Line of Sight 
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Scattering 

Diffraction 

Reflection 

Refraction 



I j (JUSLliai ' '°J» ■ «aJ A£ .ijjai ^g-a o^liliail ^jiaijj (3-afr ^^ Laj at jl t_il jjj j^ (jjtlLLii-a jjjSUI ?rlj-al 

a£ ^_jji ^ jLu 5 = 250/ J f <J5L^ 4-j t^loijj (3^& Ljj^ t_il (jljj .aa^ ^ jLSiJ 1/e i "n »i n <j 

^^Sjjjoba Aia. &JJ.11 jl ^^jaiU ^ Iiuj _a^-a C5^J^ C^Lfc <JLl£ jl ^^SLj jl_aJE- 4j t_jl JJJ <_£lA (JUl£ 
<J .^jjoi (a-a (jjjSotia 4J-^ i— iS jl jjiji-aA j t_ll pxJajoi jl (JUXJjoi lA jl _j«i AS l^a. AJjjoi ,_«a 4'i-s.l *i.* 
^^ liuj j^a oAjAj <j ^>a-La j Aii£ ^^-a JJ^*J jLaj Ll ojlj-aA lA (JjoISvjuI jjl t_il j-i_aJ f^J- 4 '"'""■ jUl A. 
Ij jl jl^La LjjjIj ^ Clluil ^j^_a^» lA (JUl£ jjl j^ j;lj (JjaJI£^)3 4j AjjoijIj ' "J- i «a2 toj2/lc. 4j .AJjjoi ^^-a 

.dull _>j!^)J (JjaJI£j3 ^J- 4 

.il^jl Aii£ {^a LffS-^ j (J^»_>JLj§l [*" J-^ ^ cs-^j'-^?* -iuaijj A£ (jjj^ajLjSI La-la a ' &jlmj£l JJ_»J 

t j^Uj t^S-p jj _j«i j^J^ pA _AJjjoi ^g-a t_ljjoLa-a t_ll jjj (_^lA (JUl£ (_^I^>J JJ>J <jL>ljC. jl ^^SLj Ojjoi ^g-a 
L (JLa. jJC- J.S Lai .AJj (_5-« (_gjlu'uj j-al-i ' " '^ i a* « jjl 4-J j;lJ JjoiJ JajoijJ oAjoi .iL^jl ' &-jlmj£l JJjJ 
iLaJl ^giVjia <_5^-* ' " '^ '"" (_5^ 'j ^)J^ J^j j - ^ ' ^j"-"j^l (JLSLliai (JLaijI jljJ j^A i— luilla ^^l^jJa 

oAJjj£ <j jJjjoij al j j^ I j ^Loijl (JUSLxioi A£ ^l^iii. j ^l^jLk-a ^Ia (JUl£ f- l_»jl Lj a£ j>J^I 
^^SLj .(*^W cPLoi-a jjl (_J^ L$^^ Cff^^* (Jai olj j^Sl-J <«-! J-i ^ °-^J jal J j' ^-l3j ftj-^" Luil Aij£ ^g-a Aj^i 
A£ Cluil (_^ jLaJ^lxia ^JjS ^g-a dljjA^a oAJjj£ j^ (JUSLxioi (_£Ll^l (_5^ ^ C5^^* U^JJ jjj'^g < jl 
?cJ i iajJ <J (Jj i <aaj 4_j Aaj (Jjj^aS j^ j;''^- aA j 4-aul j^ _AA^ <-a (Jj5LiaiJ lj (J-ijIjS jjl ■■ <al p jj»ia_a^ 

(^(j| jLui (JLuiaA^ (_g jLal]jl*!L« V. 1 

' alia a (_5lA JJ.i.11.^ jl oAjoi dlSljJ^ (_jlA (JL^Lliai^ (JUSLliai J^ J^lj csS-^J-^ 11 ^ ^ 'ftl^P <j>^ ^ 
<J_»AJ r - ^ A£ ^Laj .^jjoi (^ '.'■"■" jl^J-« U^I-^J j-^-«l -^_4^J ^J cliclj ^^Loijl <JjmJ i_^J <J JajJj-a 
J5I AjoiIj _>jI^>J L^J^ (Jljl£ J^l-J (JjjJjoS jl jjLa Lj (^ jjjjoiVj^a AJjaJ ^)A o jW) (JLoLlui jl <_5jl-i^>J 
jLlioiJ jlikLoi (JUSLliai (jjjjl^jj _Aj£ <iLial La (JliSLliai <J (^1^1^ (jLlajJC- ^ laa pxJajoi AJljJ ^^-a 
^jLa ' " Ljjl » 3 AjK <j (_J jLoJ^Ltla '^j-l^ ^J^- 4 ^S J- 1 . t ^- La1 ' Aj3j£ jjiai j^ JSI L <LlLa (_^I^>J (_^ALaJj^3 



Skin Depth 
Ambient Oc 
Delay Spread 



Ambient Ocean Acoustic Noise 



(jj^/tjl 'Jj£ (_5-« C^jy^a (JUl£ J^Li (jjjlui£ jl ^gjujU S 1a • u jlj-a (Ja.ljj L) 4_LlLa '"'* a oJJjj£ jj a£ 
J5I ^-J '"'.'■"'' I J (JlJXjjal A£ jjjlj J_aa.J 0JJJjolj3 JJ (JlJXjjal (jjjjljjj jl Cff^ U^JJ U^^ 4 * .^J^ Cf 4 
' flJ La 4j jljJ (^ lA (JJJJ jjl jl (_^l Aj_j-aJ jl^ajfr 4j _ jjj£ ^^m jla£ Ij (jl i"<j..<1 ma j jj >jLia (JUl£ 
j'u'i'm ojIj (JLuijI ?*" JJ L3JI JJ AS ,_AajjjjI£ V_a<a*-a . -ij^ °jLoil ,-.LaLa Ala. jjjjaiVjJ-a j sjjJjoiS 
j5Lp Ij j VL ^IjIS L (_^Ia jLuiJjLLLa 4j jLj Laj-ac- j oJjJ JJ (jjoLuia. JJaAj (jijloS 4j '"';■"'' t JjaiL 
jj lA (Jjij^a. jJJJ ^^joiLoiI jl 4_ijLa jjl L) ojjL-a <*-3lj JJ .-^jl J ISI W 4-LLia L^I^W ^ t-5LlJ5\J 

,'"'"■' VL) t-JC Jjoi jaJjoi (jjJJ dlljjLa-a 

jjjaij JJ_»J jj! (JjjI jil ' . >a.^a JSI jj! j2aI£ Ij a£ JjuJU l$\ 4JjS 4j JjL) jLaJjLLLa ^gjal jL LuiLuil 
-CS- 4 j^_*^ (jlj^ L>yl j^l t — ^W J^ (lyl ^ -^^ cf 4 J, 4 ^ jLuJjlxXa jl jj j& (JUSLliai j JJ3J A£ I ja. 
A£ JjJa jLaA La! jjjjoi ^g-a JJ>J Jjl (jjjljil t-JC-L Laa pl^aJl j! jla£ JJ* 1 "' <_£lA jLuiJ jLt!La .J^ajJ 

IA jLaJjLLLa 0j2>Lo 4j _j_aj JAlja. jljj_aa.jj (_£jjVL (^JJaJJ jl lA jl ^gjaljL jJu JAl^aa. 4js£ lj«J 
La. jl jl, jjj£ ^g-a ojlilioil ISI L <lAia (_£ljJ (JLl£ ^^jojlSji ^joiL L Ajjkia ^ljoiL jl ^gjj-aaj jl Laj-afr 
^^jojlSji ftuiL) L AjjjJa ^ljoiL jl JJ^aaJ Ijjjt jLuiJjLtla jj£ ^^-a JJJ*J jLaj L) ;»Jjai jjJJ (JLl£ A£ 
"CS- 4 jjj ^ (JLilS JJJ*J L Ij ^^joulSja ^ljoiL jl jja. jj-aaj JjjJjoi ^ (J^jj^l) J Jjl CS - * t " u " J ^ (JLil£ 
^gSjOJaJ (_^ jLuJjLLLa 4j V_a-aa-a i lA jLuJ jLtla <_^JJ <lljjj j (jujj-al -JJjIjS jl ( (_JjJ 'ULuj") jj£ 
(_U^a3 <-al jl jj .Cluil jIjjoij jLjoiJ jjjl j AJ Jjoi dll JJJXJ A£ ^lA (JLl£ JJ_a-« JJ ^ Jjjoi ^^-a jL ^^^iaj^ 
J ISI (_>Al£ jJJ (JjLu (_5jlj^^W <laa. jl lA jLuJjLtla ^^jaljL 4j JajJj-a ' flila " CllUaa.2>La 4j 
j (jij_a-al jjjl j3 j laa jjc. j Laa (_^1A jLuJ jLLLa ^_al jia j dlL <aa ula ' JJ_»J (Jill jal jl (_^jjS_aia. 

kljjj j>jAlja. (_^JJ <lljjj 



j!i£l .JJJJJ ClljjA^a Jp L j Rp i AjL jjL ( " 1 a > a3 <joi jj jjljj ^g-a jLuJjLtla ^gjaljL 

jj oj2>Lo lA JJJJ3 jjl <£ Ija. jjjjoi ^g-a ^^jaljL A./D ^J^? jl J*^ J (JL^?^J ^-Ijj-k^a ^J lA jLui] jLtla 

, JJlioA Aijk^a 4j jLjoiJ jljJ ' a jL^ua jiaJ jl j oJjJ i*J *'" U^ cs^jLui Aj jl jjl ( " 1 ^j'^ j t^La.j£ ojljjl 



Spread Spectrum 
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Radio Frequency 
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>> 



J^ Ij ^^IjL l^Ia i " 1 a > i)S Ajij j i_£>jjljl jli j^ Ij JJ3J (Jjjl jil 4j Ja^jJj-a i " 1 an n5 jluUJ ^^ibLai (_£l^>J 

_^j£ j»jAl_ji. ^gjoij^J (JlllSbJ^ jli 

jLoil-il*l« Jajuojj jjjj (JjJj! ja! ^ -V- ^ 

Aj Ij JJ3J (jjjljil jjl A£ .1A.S ^g-a (jLaU Ij i_£>j]UI (_£JLaiJ.}ljLla Lj o.1Jjj£ aJ ■ aj i " i_S\J ^ - T (JSLiai 

.ajjj^j jlaj j.s :l& ^ jjjc. H(f) cs^J^js ^juuLj Lj JUl£ ji a£ ij S(t) cJU^-ijuj .Jjl^J oI^aA 




y(t) 



Equalizer 

H eq( f > 



s(t)+n (t) 



Demod 



4_J (_5-ijJJ (JliSv-liai (j^_>A^ .-^J^ CS^ 1 AiLial f. \k-i\ (JljSLliai <J ( _ f jaijlS Jljj-u jj^jj oAJjj£ (_5-^JJJ J^ 

^Li JlSU ^Ijb N(f) a£ c±J JU j^ ^1 .Y(f) = S(f)H(f) + N(f) W ^1 j*Lh °^J^ 
b jjIjj JUSLijai AjLj (jU^j jjj^ jj_^J jljJ A>jLj B W j^jj s(t) >^W ci^J J^l .>^W cr* No u'j^ 

jjja <j J£JJ jj| a£ ^aj£ ^ jLuiJ^ljLLa (_£j^-J 4_J I J (JLJXJjoi ajAlji. ^^a .llj£ (J^aji .«i_JJ .A&l^i. NaB 
^j'°^ a oAJjj£ iS^JJJ J-^ JJJ <-£jIul jLaibljtiLa ^gija-a Lj ^^ibLoi <J a£-a jjl .^jS L_S.la. (ji jl ^1^ 



H eq (f) = 1/H(f) 



(1-1) 



j^ [S(f)H(f)+N(f)]Heq(f)=S(f)+N' ^J3- <? jL-bUl. ^jIj jl j^ jl ^ *jSj£ JUlix, 
J£ jjIjjUj .A^b ^ N /IH(f)l 2 u'jm ^» <J&^ U <^j& J^J Jiy N'(f) u* J^ ^ ^ ^j^ 

.(S(f)) £*-! °^ ^ JUIlo, jl isi 

AjjIj ^gitla ^g&LuimS (jljb s(t) Jb>-^ ^gjoijl^ja .Ajb jl ^U C-Lajqi3 j.1 H(f) \:"'^ L>=j3 JLa. 

fA C5^ ^5^1^^ jSl j^ja. .Jj^ ^ CluUJ ^j N'(f) J^^J u'j^ ^^ o^ J J -(H(fo) = 0, f ) 
dujii IajAjoi I j jj_jj (jljj H eQ (f) '«ijl<ftj ' "j" ^' djAua <j I j (JUSLiioi LISj j^ H(f) j^l tAjoiliJ 



White Gaussian Noise 
Power Spectral Density 
3 Spectral Null 



\y 



' " lie- 4j jLaJjLLLa j»A jL Jjjoi 1.1a. (Jl r\ \ i n jl ^^J^ Jjia 4j ISI J^' CS"^" '" V* ' ^J (_jji JJ ,JJ5\-La 
jLoiJjLLLa ^ W>-il i. VlO> (JjIjjIjj /"u"it j JAl^ai. °j» i la Jj5LLac. JJ_»J 4-J (JUSLwi '"';■""' jjjjoi (j2Al£ 
^ Jr** (_^lA jLailjLtla .JjoLj ^gA SNR jl-iia (jjjljjl j JSJ jj! (jiAl£ JJJ La ^jSLiALaA <_5j'j^L>j 

jj_?^ U^j' j^' <j' jj -4 (jjjl>-''9j j ojj£ jl£ (JUl£ ^gjoul^^a ^ljoiLi LPj£ (jjjSvjt-a (jjoLuil jj cj'y?-j a 

4_J jjj£ ^g-aj a J SJ i "I (Jlil£ LPj^ (jjoj5La-a (_£jj j' OJ$- cs-* a ^ Jj^ (_5^ jLaJjlxia t(JjLLa jj .JJjIj 

_ jjj£ ^g-a ^giSLioba (jjia. -^Lajl L^J-* -4 ^ <j' jj -4 

jiaj j| UA. f-_ajl laa jjc. j La^ ; jjjjji ^g-a aJ i aSj ^^i^ Aioij jj 4_J l& jLoiJjLtla Laj-aC. 

(_£ljlj Aioij ,jjl .lui ojjj A a, il la Lai _ jjjjoA JJ ojLai (_£JLai ojl-l) JJaJ jl j 0J_aJ JJ a^3 (JjI£ ^j^°" 
(JJJ jj .JJjIj (_£jJa£ jjjjl£ j»Jjoi jjJJ dlljjLi-a (^gl-aC. (_£lA JjJjl£ jj j IJlmA (_gjlu'gj jj_aJ Jjjljal 

^gjjja (Jjli ^Ijl^ j jj ojLoi (j jLoi ojIjj a£ ji=J jjl jl DFE i$ jLaujlxia laa jjc. ^Ia jjjj 

LWa. (jjjjluiS jl jL^Li DFE *— i"l ujj'-j SNR j"^ ^ cs^, 4-4 J- 1 ^-?* J^l .*— Lu0 ' J-* ©'j ' J jta 

MLSE u^jj lsj^- 1 ^ 4 **-ij£j ci^ lAjj j' t^s .• SAJ cs^ o^ ^j*- y csAy^ Csj'J"^ j 6 Ajj 

Jj^iAj (jJijluiS (J_aJa L ^Laj dljjj^a 4_j 4_j jl (_£ jLai ojLl) ^gSjoauj A£ dluil jl (JJJJ (jjl -^Ijjl . i ual lj a 

jl ^giS (jijLaJ ^ -V (jSLoi , JjiL ^^-a l^jjjjI£ jjc. Ia (JLl£ jl ^jLlou <_jIjj (jjIjjUj j jjL ^^-a (JjjI jal 

_ JA J ,_-a (jLuiJ I j t_ul jjja jjjS jjj ^J (_5"^ U^JJ _S Jjoi **''■*■■' i.' (_^1A jLoiJjLtiLa p l_aJl 

Clllc.2>Ual Aioij jS (JAAaJ L j (SBS) Uf ■"■'■" ^-i (Jj- ■"■'■" °JJ^ J^ ^j IA jLaJjLtla jSLjJ Aioij jj 
ujjjua 4j Ij (Jxajoi jA j ojj£ Ija. (Jxajoi jA jl Ij ISI 'SBS (_^lA jLoi] jLtla g jjjjoi ^g-a .-.j > uSj (SE) 
'^ jal ^ (jj' j' DFE (J^JJ yj.)'^ "^ J ^ -V (JSLai Lxa l^Ia jLaJjlxia pl_aJl ,jjj£ (_£-« jlSLoil AjlSlj^. 
yJAaJ -iJjlj3 jl ■'' •**■.' ISI J-^' (jj'^j^j 'JJj-»J (_5-« jlSLoil Ia (Jxajoi jl (_^l AjIjI 5E (J^JJ J^ . lliuiA 

jUjau ^j dioil CjIc.2>LLI (_^jLoi jlSLoil jl 4_iig-j lPjj ^s ""'°^ (j'j^ cr* MLSE -^jj- 4 j-^ .'"'"'^ 
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LMS 
RLS 

Fast RLS 
Square-Root RLS 



Gradient RLS 
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Fast RLS 
Square-Root RLS 



LMS 
RLS 
Fast RLS 
Square-Root RLS 



x LaULLa (JJJJ .^Jjjoi i~m {_£ jLai o^Ly (_£) AS^lxJi j xJaliLa (JJJJ J^ 4-J LmLml LA JLuJ^uLLa 4_il£ 

(_£.!}& (_£jt.lAj (.jljl-i jliiLoi (jjl ^^ \)^." (j^' 0^-° J-^ .-^ t5-« ftJvilLjil JJ oAiajJ /gluiS jLj (J-la i_SvJ 
j fjj jj oj!>lc. .AjoiIj ^g-a (Jj^ 3 J^J*-^ ^W^ J^ J%-? <_5J^ ' "^ ^ J J^ WJ^ C5^'^P-** J J^S-^ 
lA (JJJJ (jjt .-^J^ J-^J 3 l -ry'j Jk ^ a U^J^ JJJ ^ CS^^W CS-^JJ ^ j^P CsAJf^ (_^IA jLaiJ^lxia t jtlkLai 

isi uja? J^ 1 j %v j^ uliL r.r. ) 

(_^L§lji lj i^Lli ji atjSLp L-£jL \ -f (jSLiai .AJjjoi ^^M A"y^\ ... J'ij-N-j j dljjj>^a <J lA jLuJ-lljtia [cji 
jjLa i_5\J ji d-. iS^JJJ (Jf'ft-'-" /"inil (jlllSbJ^ jLaitalxia i_SLj (_$ljl^ A£ .AA.} ^^m (jLaU lj aJ ■ "J ■ " L-5\J 
JUl£ (JjIjjUj .^_4>j (_5-a JLoijI 'c(t) 'ISI lSj^- (J-^ (JWJ^ 3 j' L> J ^ jal J o-^J^ jj^- g(t) o^-i ci^i 

^JJ AAlji. d(t) * g(t) * C(t) CJJJ^ <J JLuOjl Jj^Ly, J h (t) = g (t) * C(t) J*-* <J JjU^ 

.c_U CjL^^LI ^U Jx^ jlLS d(t) =X d k 5( t- k7 s ) 'u» j^ ^ 



Transversal 

Lattice 

Folded Spectrum 



\f 



(jjl .JJv-ui f^A I J W(t) CSJ?W^ LS^JJ^- ^ 6-i " ^il-Jal (jl 4-J lift) CS-^J^ 1)^'" JJ>J "-^J^ J- 1 
(JJJ-a i_5\J jl y(t) (j J .Jjl <--l^J <J J lp (- t) <-Jjjljl (3j " _>"^ ^S j' J-?^ - j' (_W (J^JSsJju! 
(JfLia h(t) W 'tJy3«i JJljJ ^g-ttJ g m (t) ^ '"\;»'^j jjl . jj£ ^g-a JJ^C JJJ A/D J^?-^ ^ ^J^l 
<*^J L^J? . J JJ cs- 4 *^4 jW^ (_£JJJJLaj 4_j C-Uuil uia j JAJ ^g-a j2iAl£ CjAjoi 4_j Ij jJ i uJ i u ^Ijl^ t JjSIj 
L^'^W 'j 4-1*^^. (JUSLliai j iOJ£ ^^-0 lSJ^J? 4Jj-*J (JLaijI 7"jJ J^JJ ^%- W V(t) j' lP^jouj jjl 
, Jjjoi (^ <Cii£ (^3^ <-5j'-" 41*^3 Lj (_£ JLoiJj1jl1« jl£ jjl 4_J ~/' L "J* <_5-« (_£ jLaJjlajLo 

i_SLj jl (JUXjjai La. jjl jj , JA J ,_«« 4jjl I J (_5 J JJJ U' *< * J ' " j> 'J^ - ^' jLuujLjLLa ,_a.jja. JjjJjoi 
-<_5-« jj£ jjailj JLaijI (JUSLliai (_£LiAjl JJ A£ Lbajal 4_J Ij 4_L^aLa. (JUSLliai A£ jj£ (^JjJC. jj " • *aj t^JiJ 
Ij jj£ ^g-a JJJ£- 4-y'jJ^ <j J J^ jjj ^ ^J-^ j' °-^ <_£ j^"-^-*-^ 4 (JUSv-iiai (jjjj-al 4.1a. j-a jj jj£ 
j Jjjoi i_5\-iALaA ojjai jjjtI (_Jj3 jl jjj_j^l Aiaij U jLaJjlsLLa ,_a.jja. A£ JA J Jjj*3 (_£j_jJa I 1 c_L)l jxia 
-<_5-« ojlilioil jLaJjlxILa c_ul jjja ajjaJJ '"'* a aJ ^ ■ aJ i-SjlJ jl (Jj^La. ^ Laa jl i^SjJ 4jlljj JJjIjS JJ 

g JjaiLj JjiJaia J-"^ J U^-J^ toAlLaij3 4jl_] jjlj 4_JJkia ^LjoiLl (JJJfi ^J^ j' CS-^J^ f (t) -^^ G^jfi 

f(t) = g(t) * c(t) * g* m (- 1) (1-2) 

j jj JA I j^. ^3; Jala jlLa (^^ j ji> ' " u\ a jjl j j 

y(t) = d(t) * f(t) + n g (t) = X d k f (t - kT) + n g (t) (1-3) 

Jfajo. jA jU j T J jl^Ula ^ jjjj jj AjIj jjb jjjj Jjlj^ n g (t) = Il(t) * g m (- t) ^ c^ 1 ^- JJ 

(jjj£ 4J3AJ Ij tA^b Ajjlii T s j* j j f(t) l5^> <J>«J j£ u^ f[n] = f(nT s ) f^ u-^js j£l .dxal 

j^ilj j»4Aljik jjj Clj_ax^a 4j Ij y[n] = y(llT s ) (j^j J J ^ "'"""^ JvJXJj-i 'Ajjlii T s j* jj y(t) jl 

y[n] = X 4 f (nT s - kT s ) + n g (nT s ) 
=S 4 f [n-k] + D[n] 
= 4[fo] + 1 4 f [n-k] + D[n] (1-4) 



1 Analog Matched Filter 
Timing Sensitivity 
Fractionally Spaced Equalization 



\d 



_Aiiailj frn-kl — k ^ n -yW ISI uj-y -^-yj' '-^y u-^^ l^'^w ^''"^ jt-^ij .-^L (^ JoJ cs^a-a 
.^1 ^a!> j^ y [n] = d„[f ] + w[n] J5^ ^Vb <^>j j f[k] = 8[k]f[0] <>y 
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^L 4iib Ajb if[k ] = 5[k]f[0] 'ISI uj^ ^J ^ u 1 ^ ls 1 jj ^ JjS cjLuI uLj 3 l^ 



Fj:if)^ ^=-00 F(f + ^)=f[0] 



(1-5) 



' ajJa (j^jJ i—ib-a J^-J^JJ iv(f) = f(0) J -^J^ cr" J^*-^ (oAjoi lii) Aj^ jJ ' JjJa 4_j IaIS /*V.(f) ,*-Aj 

.AjoiLj ^g-a AjV j.} 

^ -f (J^jjj j.1 jLaitaljtla i-SjIj jl (=yJljJ (_5-« iuaUj t— iL*a !>Lal£ Fy(f) J^ ^ r^-y- 1 U^ C-La-LuS j^ 
A£ iaa jLoil^lxla i_5\j jl La i-^jiJ (jjl <_£ jljoi o-iLiJ <_5^ L>^y dy' J"^ -ry^ s^laluil ISI <_>iAl^ '"'£•> 
aOJ£ ( _ f -a o^liloii ^jjoi ( _ f -a (_£ jLai 0-iljJ L_lJJjJa N= 2L+ 1 « « Jal flJ " Jjy3 < 5s-J JajoijJ 



H eq (z) = Ek-i^z 1 



(1-6) 



N (J-y^j^ L ^ lj^ ^jjoi ^g-a <JJJ*J (_£JLoi o.il-1) Cl]Ua^.2/La JajoijJ tN ' jLaJ^ljtla (JjJa Vjajw 
'Flat 



>? 



fWi r__t ^-"'j^ <jjj -^W jLuJjlxxa cs-^^H 3 '°-^ °-^ <JLl£ ^gjoijl^^a ^-wLi j j^* - **- ■''" uj^ 3 ^s 

jOjoi (jj^J dlljjLk^j j^ La jL»-a ,^A^ 4_jljl Ai£ jjj 4_j (JLl£ J£*J L I J 4-y'jJ^ O^ ^£ cs-'HUJ^"^ J 
JlLojA ^^JjljjJa <_£ jLoU-iLtla t_uljj>ia '"'*?■ La t_lLkij| (JJJJ A h$ J (JjIjjUj .AjoiIj ^g-a I laa jjJJ (JLai^l 
(_£ jLui 4 1^ j (_5^^W cs-^JJ ^ «jSj i " a ,^'jJ <_5-«J La a£ (^La. (jl jl . iljl ujj (JSI.ia. 4j Ij I aa (JLala.1 A£ 
^^Lu (_£jlj3jj (_5^ i~J°' ■ " a JJC- t^-^JJ j' ftljl^li '(=>^W 4iull.} .iji. J^*- 4 ^ U^ '"'u ?• J-^ S-y'j^^ 3 
~LS* ^ laa jLoU-iLLLa j.} ^gjoijjj 4_J (_>i^J (jjl j«i .(*£& ftjUluil JJ_»J (jjjl jil ^^C- j J$JJ (jii&l£ jjj La 
J J*> U£ j* l J ISI J** ^4-? ^j* is* Jj> 1>>JJ - T MMSE jLJ^Lxla j Y ZF jLJ^Ula :( »J jhjj 
-(Jxajoi j ^gjLoijI (_^Ia (Jxajoi (jjj \ iaa /*-JJ-« (jpLta- 4 ^J^ i-SLlJ5\J ..}&.} ^g-a (jjjl jal Ij JJ_»J CjAjoi 4_j ^J 
J5I L 4_LLLa jjj (_£jl$J (J-iLu A£ (_5-jLi. j^ iAj£ ^g-a jxxUJ ^^-a Ij jLuiJ-iLtla ^^jji. j^ oAjoi jlSLoil (_^lA 
<_£jl£j ^Ijl^ MMSE (_^lA jLoii^Ltla it_l_aDa-a J-iLu jxaA (Jj].i 4_J ,Aj£ ^g-a j!j3 JJ JJ_»J (JjJjI j^l J 
.Ajjl.} Aii£ ^^-a a il °' ■ al ZF ^JJJ^I j' ^ ^lA jLoiJ^Ltla 4_j '"';■"'' lIuj ^gl iaa ^"JJ J^j <UakJ jl 

((_£jL±a.l ji^a) ZF c£^ jLuiLlxLa (t_flll 

f (\\ oAjoi (_£ jLoi <luiui£ aJ i "J i " ^^JJ^JJ ^LjoiLl (JjoLoiI JJ Aiji jj (^ i y \ jLoiJ^LliLa <J (_£-ijJJ (_^IA Aj^aAJ 

^^ u 1 ^ Ji j <->jj^> <j = H(t) * g (-t) 
Y(z) = D(z)F(z) + N g (z) (1-7) 

J ^W cr* G*m(~) &^* J^ J' J"^ J' <->^ : ^ j^>^ (j'j^ l -^ a N g (z) u' J^ <^ 



Z* 



1 



F(z) = H(z) G* m (p) = X f(nT s ) z" n (1-8) 

AJajlj L (_5 jLoiJ^LLLa (j^ia. .^JJ ^^-a jjj jl Ij f(t;) ^gJjSjJ ^ljoiLi j^ ^_aa._a^» J5I (J^ ZF jLoiJ^LLLa 

Hzf(^) = 1/F(z) (1-9) 

j Ajoi o^l^ ?r J > >i jj jj (JjS A£ Cluil ^jSjjLI jLoiJ-iLtla (jLaj j^ <1...l...i£ (J^Lt-a 4Jaj!j (jjl .^jjoi ^^-a jLlJ 
6^1^ jjj Cjjja^s <J N(z) (j'j-^ ' "J^* (J^aiuoba J_aia Aj ,^jl^ jj_jj lAj'3^' ^^ j' '"'^ ' ^"^ ''"' (jLaA 

;^_a^i (^a 



Probability of Error(Outage Probability) 

Zero Forcing 

Minimum Mean Square Error 



W 



I.' 2 






n( Z ) = N g ( Z )\H ZF ( Z )\i = ^^ = ,„;;;::', = ^ a-m 



v z* 



jjj! jal ("vv* <j ^jj_jj (jljj (jjjjl^ji c_iLk25t jl ^^joiIj *> Iuj j^a <_£j!j (jUl£")^_j*jj ' '°j* ■ <a2 ^l^SU 

l 

l_Ss_j Cj j jj>^a 4_j dluil j5La-a J jjoi ^g-a jLlJ Hyp ("z") — dl j jj>^a 4_j A£ 2F jLuu.il»2<a . AjLj ,--a 

F(z) 

jl ^j^*>- ■» 4£jxa a t_Ss_J Cluil j5La-a jjia-aA .AjSUj (_£JLui ojLl) (JjIS ij la a 4_jjkia tluLi Ll jli}3 

.JJjLoi jljS jj Ij jjj 4_kjlj A£ Ciab jljJJ W_l ,.••? VVl S-y'j'" 3 

w_ L z L + - + w L z" L = ^ (1-11) 

2F jLuJ^l*!La jl j-LaaJ jjjlgj A£ ftjjjl <«-• c " u u J 4_j (_£jjJa 4_J Ij fWjl < T^J Jl "' a ^* Cjjja^s jjl JJ 
^g-aLaJ (_£ljJ i " U iij\j .--a A£ Ija. JjJ JAljiJ (JjA^ajjl (J£joi j Ij5o (Ja. olj jj| laJa3 .ft^L) <Jjui|j Ij 

jl i_5LlJ5o i_5\J .Jjlj -^J^J jj""^"' jjl L^'jJ ^jLliuiJ <_5^ ^ "**• " (_5^* (J^JJ ."^"^ (Jj-^-k^a Z J^-^- 4 

1 ■ T 
= V-__ C;Z _ 1 '>ijS jLlJ ij la a U Ajjkia ^juiL) Ij JJJJ3 <-&J Cjjjj**a 4_j Ij Hvpfz) ^ Cluil 

?*£ ts -4 'j J^ J ^-Mj i-iLJajjia (jjl Z = e JW ciLw ^ U^ uLs 2 er* . J J^ f^" 'j Wj = CiL)^ J 

jj£ 



cr* 



1 L -L 

- W_ L Z ...W L Z 



(1-12) 



F(z) 

,JAJ (j2i&l£ I j (ISI 9" jj U^£ -^) l -^H PT^J^' ^ jjjjoi ~J ^.m (_£jjJa jjjljj ^^-a t_jj|jjJa jjia^aA 

MMSE JUjUI. ( m 

jjj La I laa A-JJ-a jjKjl_La j-ij^ (JSIja. jLaJjlxia ^^j^ljJa jl L_SJA (_J jLoiijlsLLa jl p_aj jjl jj 
<J U {\Vi} 'J%J ^J^-F - ^ .*— l "l d^ jluJjlstla ^^jjik. jj ^paLjjJ (_L>ajoi j c/j^ ^Loijl (Jxajoi 
cr^ L^JJ ^ MMSE ^ cs^ jl jl . joiS ^uj is ^ Ij E [ d k -d k ]^ ^j^> cr« (-jIAjjI ^jj 
y[k] t^^l ci-^JJJ l$\a> <J>«J jl cr^ cff^JJ d^ j' cs^JJ^ tJ ^ lxU ' (-5 jLoitaUla ^Ijj 



Frequency Selective Fading Channels 
Finite Impulse Response (FIR) 
Infinit Impulse Response(IIR) 



Peak Distortion 



\A 



4 = It-iWiyPc - i] (1-13) 

'"'V'"^ J-^ .Clluil laa (jJAiJ jj Jjl-ljlluol jSLoba fWjl J-"^ L^'^W ** *"£ . S-^'j^^ 3 U-^Ll (J_j-aa-a (_3fia 
U^ j^' W ."^J^ JAlj^. JjljjLLail jJJJj ^-^-ijjiLs ** " ' " " ^S j^' -^L jjj 1 " jll}3 4-J <_5-^JJJ j^_^ j^' 
ojjjj Ijim Lgjj 4j jLaJjLLLa 4_J <_£JJJJ JJ>J '°-^J^ <-5^JJJ J-^ 2 m( - t) j3! jQp Aj^J '" 4j 



2 

jljJ ' kjJa L ^^Lij A5LL 



l-SLj j jj_jJ oAii£ ^'"' <_>^i-J <-&j i^jj^ <_5-« ftj ' "°' ' " 1 o ' "'^ jJ ^-J I j j^Ls L« ** *£j .' cs"^ 1 ^ S-yj^ L^'^W °-^ 

, JA j ^g-4 jLalJ I J <*f- j^-N. * (jjl ^ _<J jSLal .ISI oJiiS <— S-^> (Jj^J 

A£ (_£jjJa 4_j 1 " u ill ^jj_jj j-ijS JJAui Cluil^J jl ajail jl A£ jjJajLaA JJ_»J oJiiS **j« ■ ■■ i-SjAJ AjuLaj 
(_£ljlj BJJjjS 4_j <_£JJJJ ^3-J_jJ A£ (^^ (jl jl .-^W ^-4^-i j'j-^ ' 'J '" (_5^J^ jQP j^' j' cs^J^>^ j^J^ 



2 

jl jj ' flJ La 



# jjj ^aIj^ l/G^C— ) Cjjj^i <i jj^j oJjJS Ajixa jjLa jJj% ^W cr« iV Grn(~) 

(JiLa) J%J '"'I ■ ^^ ■""■" L (_5^rS^ L^^J-"^ j' ftJ^J-* cs- 4 ^* J ^>? JAljiJ La c_lLk25l Igjj JJij3 jjl AIjjI 
ojliliail ojJjjS L^JJJ J^ J3. " J-"^ jl La 4£ j5La jjl IjIjI dboil j5La-a .^p^ ojllLail jjj ((_£jIjjL) 
jl La L_SJA <£ cs-^ 3 * J^ -^ _>^ ^i ^j'J. JJC. j^jlj^ (^ L_S^^ Ij jl jjI jLuJ^Ltla j^ Aaj j jaj£ ^g-a 
jLuU^Ltla ^^j^l^jJa <Cjm^m (jjl (j£ t i **<■..! o^jj (_Jjl-i^>J Aj^aAJ jl jja SNR LW'3^' J^r^ j^' j' " ^ °' ' "^ 

,Ai£ ^g-a jj ojLui I Laa dlLuj-a jjXjL-a j-ij^ A-a;lJ (^j-a '"'^ a jj La (_jljJ I J 

^W <^> ^^^ N = 2L +1 j V n ci^jjj W cr^ J&* ^ H eq (z) j&p fi& cr« (J^J^ 

H eq (z) = li-.w.z- 1 (1-14) 

>j v = (v[k+L], v[k+L-l ],..., v[k-L]) = (v k+L , v k+L .i,...,v k .L)j>^ H eq {z) ^ kt^jjj 
ls*j^* j&* ^r-y 1 ^ 3 J^j? j l >^ ^ l j w = (w_ L , • • • ,w L ) J^j? j d k Ji\p i^jj^ o^jj <-^± 

i"u"i'ilj joAIj^. jjIjjUj .^J^ (_5-a 

S^ ry ry 

d k= w v = v w (1-15) 

Weiner Filtering 



Equivalent Channel 
h(t) 



Pulse Shape 

g(t) 



_^ ISI Channel 

c(t) 



Noise 

Whitener 
1/Gj*(1/z*) 



n(t) 





MMSE lAjj ^ (jj^^*^ > -& J^Lvi 



J=E[d k -d k ] 2 =E[w T vv H w*-2R{v H w*d k }+|d/c| 2 ] 



(1-16) 



v d j N*N ur^y* lWj^ <-^ M v lwJ> *-» .^ cr* ^j*^ I J M v =E[vv ] j v d= E[v d k ] 
jjj .*lji MSE J lsLw . £[d/<:] 2 = 1 ah* o^j* .£**-! N Jj^ W l5j^- j^j* <-*d 



J=w M v w -2R{v d w }+l 



(1-17) 






w op t = (M v T ) _1 v d T 



(1-19) 






Hermitian 
Gradient 
' Computational Complexity 



JminJ-VdM/v/ (1-20) 

v = (v n+QO ,...v n ,...,v n .oo) (1-21) 

w = (w_oo,. . . , w , . . ,Woo) ( 1 -22) 

jJ > » j jjj JJ j Ujjjua Aj I J W M V =V(J 4j-^-*-« ftJ^J^ cs-« ( — "^ <j^ J^ 

Sr=-oo Wi(f[j - i] + N )6[j - i] = g^-j], - oo < j < oo (1-23) 

// ( Z )=4^L (1-24) 

(JjSLioiJ J5I oAij£ L_S.la. (jjlaj j JJ_»J oAiJ^ lai ■ a J^ijS (_>^>J J^ j' MMSE j^jaitalsLLa a£ ^LaJl jl 
' " I lu) 3 .»jAI_aa. (J_jJa '"') i 9 la a .3_aa.j .».}& Clljjj^a j.3 (5>J_jj^ /5-a 4_^.^a!La tdluil oAjoi 

H eq {z)=^$- (1-25) 

b MMSE jLuu-llxla ^-SLjjl Jjl ..3jl.3 -ij^J <_5J^ ^^/'"' (jjl Lj 4_Lj!j j.3 4j^.jJ (JjIS f- jjJojm 4joi 
j.3 3 j la al j Ujia l-J J^jS (jjl Lljlj .^^>J <_£>» (JJJ j! I J JJ_jJ oAij£ liiui jlij3 JjI t(JI o-ljl ij 3a a\ i (JjJa 
(jjl Clylgj j.3 .AJjl.3 ^LoiSLj 4 a-nj j o^jJ ZF jLaJ^lxia lljl aA (Nn Cla-uiS) jj^ L)Aj^ ClljjA^a 
_j«i .AjoiIj ^^-a JJ_aJ (jjjl jal Lj (jl (J^lxJ j (JUl£ (j-ij^ (jjoj5La-a jl (_5-Jj^. Ajj-aJ (J I o^jl jLaitalxia ^^I^Ja 
JajoijJ JJ_»J Ai-lki (jjjljil jl *_jLa r-^k^j j.3 Nn ^& "'*ll^j3 CS^^W J^ ■^•lui JJ_»J (Jjjljal Cjjjj^ 
(JUl£ Lj <joulLa j.3 Nn _3^_^ (j'j^ ' '"J*" t^-J^-^ ^ cff^-* (J^^^ J^ U^ <j^ W .A>" cs- 4 jl-"U«iljtL» 

,Aj£ ^g-a (jjoj5La-a Ij F(z) (_5J^J^ JJ^ 3 ^ jLaJ^laJLa t-LJulj i_5\-^.j£ F(z) 

jjj Cjjja^s 4_j AjV j«i ' iAJa (_luia ^>J a-ajlj ^g-a MSE ^ ^^ (j^-*J (j'j^ 4 *^W jLuu^Lsfcia L^'^W 

Clb-ul (jljj (Jjl! 

; mi „=T s /_° 5 ^ ; -|^df (1-26) 



Y^ 



A£ jjJajLaA jb jbij jljj Lff M °Vjl .Jjb ^j^bj^ i_ lJb> (jU 4 uaajin MMSE jl jbj P->> U^' 

JU^o, t-ijik* Hb (jU^j j^ a£ ^bU 0j !>b_i .0 < J min = E[dk-d k ] 2 < 1 ^ ^ »^j l)*^ 
fjjb N = oo j£! u^^a .^ ■AAlja. J min = jjjj jj^=^- f^- ^jj^> j± '-^b F 2 (f) ^ 

• J min A 



'mm 



(MLSE) "^bAbjui (jJjluLiJ b CJlc^Ual Ajjuoj (JAa^J <S-V_^ 

Ai£ ^^-aj o-ililioil t3ojjlLa jl (_£ jLoiblstla j^ A£ l^js. .ijjai ^^-aj jj^jj (jjjl jal lIic-Ij MLSE (J^JJ 
iAjalU ,_«« 1 - V (J5bal lljl aA jLalbuLLo jjl jU^I LU _.}jb^)J ,_-« .JLaljl (^LgAixJjal j.LaaJ 4_J (_J^3jC. _J.i J 

,ajI oAjoi jjjSbLi. MLSE <»-yjj^bl b <_£jj£ ,~j a ■ ^ j (^jbublxla (_^Ia ^jIj (jl j-i a£ jjj*j jjl b 
(jjjiijj a£ .i& ^ t_jbujl lj {d k } ti^jjj 4^j jl MLSE 'h(t) oljili Jbl£ £uJj cib ^Ijj 

_Ajolb Aiolb W(t) CS-^^LP (JbSbjal 4_J I J dl&bial 

<j [0 LTol cpb>j o jbj-i I J w(t) ftJJ^JJ cs- 4 ' " " a ''^ -A J* 1 LSJ^ -^bo- 4 AJjl^)i jl o^bliail b 

^aj£ jbj jj j J5bi 

w(t)=H =1 w n (p n (t) (1-27) 

sjb jj w(t) ^ cs^?-^ jl .-^ cs- 4 J^baiJ lj ^<al*la (^lAjbjJ jl t^lab^ <Cja-^a |(p n (t)} jl JJ ^ 

b ..lib ^ Jbl£ <tLaU. jl ^^b tAt^A^j jjI ^jI jj jl N ^^ '^jb (^boj do,. . .,(1l ^ [0,LT s ] 

dblib jU&lji. AJajlj jjl JajatJ 

w n = Ek=-oo d k h n k + v n = Ik=o d khnk + v n (1-28) 

: j' j J «£ 

^n/c = j^ Kt - kT s )<p* n (t)dt (1-29) 

I T 

Vn = i s n(t)cp;(t)dt (1-30) 



0.5E[v n v m ] = N 5[n-m] l^^j'j^ j j**- 3 j^^ W ^l* . « cs^j 1 ^ ^b-aj <_sUjjii« U v n 

J_aJ JAlji. jjj ojjJLLa Ha. ^gjoijlii AJJjJ L^ljl- 1 W — (\Vl Wn) U^^>A^ .^buA 



Gram -Schmidt Process 

YY 



p(w w |d L ,/i(t)) = n^i[^exp[-^|w n -lLo4^/c| 2 ]] (1-31) 

4iij Cjjjj^a <J lj jl MLSE 'W J-iL»-a JJ^ 3 ^ ^ W(t) CS^^J-^ JL&jJjoi L-SLj (jljJ jjljjLjj 
(^jIj jjl ^jLSJ Lj) pTw^ d L , /l(t)J t^A^ £-jIj 45LjjjL 4j tAj£ ^ ^{J&Jaj (J Jfajoi 

d L — argmax[logp(w N \d L , /i(t))] 

= arg7nax[2#{2] fe d fe 2m=l w n^nfe) — Tik £m ^fe^m Im=l h-nich^m (1-32) 

dial!.} j»jAl_^i. f[k-IIl] J y[n] J^^-« W L3_^ (^L&LaSLlial <_£JLjal J^U-0 Lj J 

d L = argmaxllR&k d* k y[k]} - £ fe £ m d k d^f[k - m] (1-33) 

-5 {y[k]}j'"LW ^^ c^JJ^ ^ U-" MLSE ^JJ^ ^ A>" cr« o^A^« <taL*-« jjl jl 

<oLj a£ ^M jl .f(t)=h(t)*h*(-t) jl jJ a£ jjb JLiau f[n-k]=f(nT s -kT s ) JUS csU>IJj 

^ -f JSLial (jjfLia jlij3 jjl^jLjj tdball Ajjaljlj JLjl£ ^^Ji.j^p. 4_J Jaa3 MLSE -^^ c^- 4 jbij ^* <_5 j^-"> 
j^ A5ojI _ji oj2/L& JjiJaia J^S 'MLSE j' o-iLlLail Cjjja^s j.j ^^Ja-A-ijJ .}&l_ji> 4 *<j* J (J-^JJ <jjl L^'^W 

^jjjj j»jjjj5oI jl o^liliail Lj .^jb t^j^- ^j5LLac j^ JSI ^w^ j^ 'diuiljlS AWGN jj* ^^ 

j^Li ^jjjiiai£ ^jiuljal Lj JLa. (jjjc. j^ ota (jiiAl£ lj ^Sij^jj j'j-^ cr* MLSE lSj^* °-^y lS^ji 

j!a£ ^ V^JJ W CS"* 1 ^ J^ - CS-"-^.^ f T .)'^*'J^ ^-? ^-«l-il J-i . AjLj (^ (jjjl jil (^LaJ dljjA^a 4-J (^-Ij 



IT^' *.; *< 



CjLc.2>LLI 4jjoij (jl <_5-ijjj a£ Bfzlj^ <_Ah Jr^ ^S j' t " u "^ °-^ u^boLJ DFE jLjoij^LxILo 

^^lialjj^ AJLlJ^ jl <_£-ijJj A£ D(z) <-&J>l}S ^J^ ^S °'j-*A <J '(" aa jLoJ^Lxia IJjl aA^dluil ^^jSLjj^ 

_Cliioll oAjoi O^b (JJjLaJ Jjj j5Lial J^ DFE jLlkLal .AjoiLj (_£-« (_5-iJ3 



Viterbi Algorithm 



y(t) 



y W n ] 



Forward 
Filter W{z) 



+ 



A 

d 




n 



Decision 
Device 



A 
A 

d 



n 



Feedback 
Filter V{z) 



DFE JIuJjU1» jUiLu. \ .9 JSUi 

jljj ^ \j DFE is^-JJ^ '-^W ±v.j^ N 2 csh^ V(z) j ^-r^j^ Ni ti'j^ w(z) ^-y' c>=j2 ^ 



4 = Ii°=- Nl w iY[k - i] - Sf= 2 i v i d k -i 



(1-34) 



^j* Ja^jl«) MMSE k j (ISI c£ ejjia.) ZF ' v(z) , w(z) t_ulj^a i_jUujI ^Ijj Jj^* J^jj 

Clboil oAjoi CllLlii .AjoiIj ^^a (Ai£ ^^-a a-OjlJ ^g-a ij ,. L ^il (Jj.ai.iij DFE CS^J-^ LfcW J"=lj' ■^JJ' 4 iS^ 

ZF L^'^W J^ (_Ay ^AW^ J-^ 3 'AluaLj ^j^a^aU (JjJa tS'j^ V(z) ,W(z) J^ _>* ^£ Cff^JJ^-* 3 J- 1 ^ 

,1 

JUl£ AAAa 'IjjjjjJa .lib y(z) u^JAj9 jJiLa ildbk <jjl j.1 ..lib ^-a 1/Gm( — ) ^J_»*^> ^J DFE 

.AuJLj F(z) LS-}£jfi 4J*i ^~} 

f n = f[ n ] auS ^ja .A^b ^ E[d k - d k ] 2 lPj* ?*£ ^ ^ ^* MMSE Oj* c*Lh 

jiiLa t_uljjJa A£ Ai£ ^M (jbj (_£JLai a-a^ <_£>» (_>ijj (jjl Clljjj^a (jjl J^ .-^b f(t) (_5^ Ajj-oj jSbbLaJ 

.llLaJ o^jjl^)J I ) jj j Jaa Cll 2-ib-a 4£ji»a a '"'■")' i ,_-a jjoi (_>iy 



SL-^ qn w i = f -i 

qu = m=-ifff J+ i-i + N S[l - i], l,i = -N t 



(1-35) 



(1-36) 



^jj .A&tji. jjj dljjj>^a <J jjoi (JJJJ JJJJ3 (jjl (_£t^)J i-SLjAjS JJJJ3 t_ljljj>ia (jl jl (JjaJ 



Vfc = - E?=-JV a w i//c-i 



(1-37) 



Yf 



ISI 5L«IS c_uljjja jj| d, = d, /«J«J iAioilj <!LailAJ -ij^j ^^-AXaj^aJ ^1 Laa 4_jj5La_}& A£ ^jjj^a j^ 
jjj Cjjjj^a <J tlj (_>^aL^ oAjoi a-iUJ ^^-a t^§\ La^ jl^La A£ i"unl o^I^ (jUlJ JjLoi _Aij£ ^^-a jjl ,_J Ij 



I m ,„ = exp[T s /_°^ln[ ; -^-]dq (1-38) 

(J-^JJ j' j£*&> jW^ DFE (J^JJ J- 1 MMSE lj' j^° K-^fllS (^lAUaa. jjl jl jjaj L_Sjj^a Laj-aC 

/"unl (_5-ia^ (_£ jLoiJ.}ljLLa 

j.} iAioilj ^g-aj H 4j JajJj-a ^^jlSIj JSJ uS^^k JAula JjJjJa jl oAjoi 1.1a. JSJ A£ ^Lajl jl 

^j^ ' ^il j-i 'Ijj^-j L2=^ jjI ,«i" ^Aljik. t-SoAi (jLLlL (jljb DFE ' d k j d k £fij£ j^ji c^jy^ 

j\lj (JUl£ l->. LjS JajoijJ toAioi jjoiiLa (_£Uai. (jjl oj2/l*J ,-ijl.iii ^g-a jjl CIlij j& t_lLkij| 4_j Ja_aJj-a (_£jj£ 
^LoS j-aj t^jij jl (Jj3 (JUl£ oAjoi ^£ (_^Ia (Jxajoi (_£jj JJ i_5j«1j3 JJj^-a A£ Ijjs. t-liilj ^g-aj ?-2/L^al (Jjll 

oj^AC. i^iioilj ,-A (_£ jLaJ^Lxia (JjlJU J.} 4j3u 'J^*' J oAjoi 4'i-s.l iiya (_£lg_iaijj t-lii jljjfr j_aj£u 4_a_jl 
(jjj j ^-X^sl ^Ijj ^JJJj ^1)J_4>JI j^ CjIjjjxj jLaJ Oj^aA ^IgjJJJ <J (jljj ^ lg->JJJ jjl JJ 
j.} (JUl£ (jxaaj (joia-aA j 4 JJJJ^ <_£ jljaiJ^ljtla j l&j.l5\-p JJJJJ JJ tg "'.'" <_5^* i-5\-lJ5\J t MLSE 
«}_jju1 ,_a LaJjoiljlA - jjjoiilLalj i S ' lj£ (JJJJ (jjj*. ;' g '"'J J (_>aLai AS (_£ jLaiJ^LstiLa (JJJJ ' " '* a oAlLoijS 
^Igjoijj IgJl (jLl-a j^ j AlLa.bjJ (_£ jLaiJ-Ajtla ,JLuLj ^Igjoijj AaJLia-a <J AaJ (jiaj j^ .-ij£ ojLoil j\lj 
# j|j jaJAlja. jlj3 ^jjoijjj -^JJ^ I J -^J^ <_5-« J^ (jijj-«l AjI-iJ^ jl o-ililjoil (JjAj A£ 



1 Salz 

Turbo Decoder 
Turbo Equalization 
Pre - Equaliztion 
Tomlinson - Harashima 



yd 



* Q j» ^jLudj^lxi* >j^ (Jx^i 



L^lA o.1}jj£j.} J5I (jl^ia. c"^^ Ij ^ir** JJC- j ^J-T^ (_jlA <_£ jLoi^Ltla pl_aJl t(Jj3 (_>Lkj J.i 

j Aii£ ^g-a c_]Lkljl ^^j^i. (_^Ia 4_j_aAJ jl t>^\^ dllc-2/Ual Aioij <_£ jLuijlSLioil (_£l^)J Ij MLSE (J^JJ 

_^iijjS (^ jj I j DFE 1A9J ^ j (^^ lS jLoihUia u-jj j^ jl (^o jxjj c^jj 

|_l j <j^jjJa /"tuLa jl aC.1 (JUl£ '"'' 1 ^a ■'"'" A£ jU^jL (_jia^)3 La 4^ jLaii.}L"t!La (_^lgjaijj <j«jaijj _j.i 

..luiL) ^g-a j;ij (jLaj L J^*^-« (jUl£ ftuiL) A5vjj h"uhj*i oAjoi 4$^\ iuj oAJjj£ <_5^ '-^M j' U^^ '"'^ ' ^"^ ''"' 

Jajljjoi j^ j a^jj p^laJJ (Jjll (JUl£ ?luiL) (_£l^)J A£ ^jjoi ^^-a ^^l^jJa (_£jjJa jLoiJ-iLLLa "» •>■ (j^%- J-^ 

.Aloilj J;llij (jjli (^jlSj) ,JLnJaJ ClljjA^a 4_j jlij3 t_lj|jjJa (jLaj L J^*^> <_5^-* (JLllS 

(_£JLai 4 1^ J '"'*?■ jLuujl*ia t_uljjJa aAlaJJ (_^I^>J ^Lfc ;»JJjjXll 4_jIjI 4_j La t(_L^a3 (jjl j^ 

_j.jjl.ijj ^^-a ,JLnJaJ Cjjjj^s 4_j (JLl£ CjL ^a ■'" CjI jjjxj (jl jia. j JJJJ3 JjSLLafr 



Adaptive 



t_uljjJa (j^Jjl dbai^J (_5^ <^Jj^&a U^JJ J"^ j' u <_£ jLoU-ilsLLa (JJJJ J-i A£ j»JJ^ -ilj 4-J 

a-<uj ^^-a {Cvl j^jaU^lsLLa t_uljjJa aJ lajj Jjj^Ja jl D(c) PT^J^' <_JJ^ ^"^ ^ J^^J^' °jj^ J^ 
iAioilj i_S\J jl jj5L^j£ jLoiJ-AjLLa <_5-ijJj J-i 'US TrL^jfrl A£ <_£.}jlj-a j^ ja. <J '(_5-^ JJ^ 3 ^J i^J^ cs- 4 
r-L^jfri tAioilj Dn<l A£ ^jjj^s j.} .^jlAJ -ij^j L^j^" ** '.)£ . dti' L^'^W 1$' o^Ijoi AjjoiLa^a j»jjjjSUI 

j 1 < \n\ < K ci'jj 'q n =0 j^oitalj*i« £-uh (jjj jj jUa.1 <jjjla jl jLutaUia ^jj*. j^ D(c) 



t_ijila-a CjIc^LL! Aiij j £ = /, — /, Uaa. AJUj.} yjj <Jjlila ^^SLloixaA JLacI Lj ZF (3*- *lj 

fjj^ .-^ cr* ^-^A? < \n\ < K OW j^ j^ 1 J^ u' u J ' J j'j* j {Ik} 
E(£ fe /*_ ; .) = E[(/ fe -4)/*_ ; .] (2-1) 

= E(/ k /f_ y )-E(/ k /J_ y ),j=-K,...,K 

Lj {L,} dllc^/Ual Aiaij (j^la aA j E(Ih-I-) — Svi °-^>? <CLaixaAU dllc^/Ual <_£l& (Jxajai jaj£ ^g-a (J^a^>3 



E(e fe lV j ) = 8 j0 -q j ,j = -K,....,K (2-2) 

ij£ ^a o^jjIjj l<|n|<Kjq n = 0j q =l c^ 1 j 1 ^ j^j -^^P oj 1 ^ 1 -^ 



Peak Distortion 
Cross Correlation 
Uncorrelated 



YY 



E(^-;) = (2-3) 

4j^1 IujI j jjj ^-^ 4-J.iLa-a JajoijJ oAjoi <jljl jjLlLa ^^SvJLoUaA A-Aj t-lioiL] AlLkliiailj (JUl£ ^juiIj ^£ ^gjLaj 
L) (_5-i*J S^^ 4_liC. (JSLuLa jjl ^>J j'j-^ cr* °-^J^ ^{Iki U^jj^ 1 ' ^JLlJ.} ^S U^j' -ia-^JJ .-ijJ .AAl^ai. 
_Y- ^ <l^lsi-a j^ ^^AjjS (_^Ia (JjXjLlu Lj ^Laj <_£l& jjSLiLLa jl -^ J -^ JajoijJ jjLlLa ^^SvJLoUaA jaasu 
(JjJa jl jlu'uj Lj _>jl^>J o-lioi (j^*J (j^H j' UJ^ 3 W cf^ jj' 4 ' ^-jLlJ^ (JLoijI 4j jl j^ AjJjl (jj j_j-al jl (JjaJ 
-j»!ijjj$\JI jl ^^-J .-iijj (_5-« dbaiAj Aii£ (j-lusa Y-V <l^La-a j^ A£ ^gjjljj^ia jl j j»jjl.ijJ ^g-a jLaJ^Lxia 

dull jj j Cjjja^s 4j jLoiJ^Litla t_uljjJa jAlaJJ (_^I^>J ^j^_j-a ^jLuiSjlj (_^La 

Cj (k+1) = Cj k + Ae k Ii_, (2-4) 

A j t = kT j^j j^ LU. JUIlo, g k = / fe -/ fe j t=kT *£** j^ f lj ^^ j>^ Cj (k) j' j^ ^ 

jjLlLa ^^SLluixaA jl \? ""*'■'' 6vlv_ - dajuiS _Aj£ ^^-a <Jjl£ I J CjLajlali 7" ji ^£ o.i_aJ (jJ-jLa t_JJjj>ia 

AJ-iLa-a JajoijJ jjLlLa ^^SvJLoOaA j^ <_5J^ j^-^W -4 ^-iLjLaC. .AjoiIj ^g-a E(€b-Iu_-) (cs^J^P j^-^ -4 ) 

-<_5-a dboiAj Ciioil jLaj J^ Ajjolui£ o^Loi jj£ Jlj>Jijl l_Ss_j L_S^>a-a 4£ Y-f Aj-iLa-a j^ Jjl 4-lij-a (jjjjl^ip 

.Ajl 

i(jijj-al ojj^ <Lal.il Ll iAJAioi IjSLaA .i^ai. ( ■ u i\\ 'i a <UakJ 4j jLaiJ^Lxia t_uljjja A5LjjI jl (JjiJ 
jl JajoijJ Li jJluiA ^LaJC-l -ij_a-a <_5-JjJ2 (JjLa .la. Li iAJjjoi ^g-a 4j3jS jLoijLSLuil ^^j^i. j^ A£ ^Laxa^^aJ 
A - )1 ^ j ^ , aj JajoijJ oAjoi CljlAA) jjaluia jJ " ■ taj t(_>ijj jjl <J .r>^^ U^-^ 'j t_ljlj-uia j-^l-^ ^3J. " -^'j^ 
CjIc.2>LLI Aioij j £, I Lxa JUSLilui Ll iY-^P <J^Lsi-a j^ jjLlLa ^^SLiuixaA "» a jJJa. j^ .J^ojuu ^^-a Alia£ 
jjj Cjj^aj-a AjT-f <1^Lj^> ^ ginki CJLa. j^ jjljjLij .J_oJS ^^ jj£ j^ I k _j j j = — k, ... , k <^?"JJ^ 

Cj (k+1) = cf + A€ k I kH (2-5) 

,^AAj-a jLuiJ ^gillLj j ^^joijj-al dlVLab j.} I j 2F jLaJ^Lxia Y- \ j^-ui 



Training Sequence 
Ensemble Average 
Scale Factor 
Convereged 



YA 



LMS<4L>j&H-^ 



-<_5-a <CLai_aJ jjj (J^uui 4_j ^^joiJjjLa ^^3 j^ dlV-ila-a (jjl _AJji ^^-a ( " U oAj laa dlV-ila-a jl (_^1 4£jxa a 



rc= ^ 



(2-6) 




', 


Output 




"1 " 






1 


?r 












Training 






sequence 






generator 



^Auki ZF jUUiuU r.^ j5Ui 
jl ^jluo jbjj C '{v k } JU^- lS^a *j^ (2K+1)(2K+1) oAubj* lWJ^ r u> j^ a£ 

jta^)j (jjJLj .Aiioilj ^g-a jlij3 L_ljljjJa jl <_£-l*-J (2K+1) j'-L>J ^S £ J '(2K+1) jLuJ^lsLLa t_uljjJa 
AJljJ ^^-a A£ AjI (Jj>^aL^ (jj*jljjljj£ (jjjJjjLa <j-^£ (jjoj5vj«-a (JjJ^Ja jl Ajljj ^^-a jLoiJ^lxia A '<<» J L_uljjJa 



Levinson-Durbin 



r ^ 



» " 8J i "' jjjJjjLa ajfllma jJjaJ jjoji\jt-a jjJJ Cnnt ** ■ " L^'^W U'J^ ls^ ^ 'J iSjr^-i^ LKJJ 

U AS '"'■"' JJJ3 JJJJ (*^J jal U^JJ L^J^J^- 1 U^JJ LJiJ^ b^-ut j\ aJa.) _'"'■"' (_£j'j£-J LKJJ '■"^ Jj-aJ 

^1 4JaiJ j ul lj ^ tL_jjjjjJa AjjjI c_]Lk2jl jjl , Jjjoi j^a jlc-l Go I/Ha G <_S'_>? oljivJJ jljLa i Ss_j l_jLaJul 

csljta a£ Go Ck^jfc j^ji .^^ ^j^ lS^ (2K+1) is^k jj MSE j'ji ^=^ <_5jj 
-lLSj jjI jj ic±»\ k = -K,~, -1,0,1,", K j (^dJ/dC k ck^J- ^j* (2K+1) 

JJJ*J . jj£ f^M JJJ*J 4_LjJj-a jljjIjE AjUj/j ' all a " '"'* a jj I&jJjoi jl j»I.j£ jA jjj J ojjoi ** .' ■ ul **■ ■" 
jl C c_jj| jkia jljjJ (_£>j*J J^-^ -4 dti'^-^ .(*H (lA^J-* ^J- 4 * jl-jjl l-J Cluil ' ■ 1 1 ul 13 a j»l i _jlxii jjj JJ 

.jjjl ^g-a ClluiJJ jjj 4Jajlj 

C k+1 = C k -AG k j k = 0,1,2,... (2-7) 

1_J dlui) jjIjj G k lAp'j-* j'^^w u' j j ^ 

G k = W(dj/dC k ) = rC k -^ = -E (e k v* k ) (2-8) 

v k ' j'j^j" u^' k jj ^i. Jlixj^i e = I k -I k ' jlj5o j^al k jj ^'jj-^ <^>«^» j^-jLl? c k j^jj 

vk= [vk+K...vk vk-K] ja j ^ j5Li lj J k jxaikj" ^ '■-^ es^jj JI-&^ cS^a <J>aJ jIjjj 

.JjLaJ jj a ■ laJ lj -jJjIjS ^IjSLaA tj jjjoi ^g-a ' ■ ll ajjj i_5\-a.j£ (^^ ojljjl 4j A£ dluil ".'"■" JJC A J 

^ja j oj^i G k =0 cjjj*^ jjj jj j»iialj Cixaj MSE Jal^a. <j k = k J^ 4 k j' <_Sj^ ls'jj j^l 

ojlilioil Lj jljJ ^^-aj 3 j la a Jq, (_£ljJ j ^^i^ '"'"-■ JJ .Jjjoi ^^-ai ojlj lA jJjoi jjj JJ (_£ji\JJ JJJ*J AjjS 
# Jjui t-S\JJ jj jl 4j oljkjj Ja. tj jljli (_5-a Lai tClialj db-uJ J m i n Ck) ^ -^J^ dyj^ ^SJ^ (_>"JJ j' 
jLjjijS jljjJ jl p2>Ual aJC- ilAjJjoi 4 ijjj J jjj JJJ*J (.5^ -^JJ^ dyj^ ("SJ^ U^JJ Cs (j5v-iat-a 

4j Ia ' " 'J a£ jj| , Jjlj ^^ivJjoU jj jA ? (JjLlLa ^j-KliaixaA jljJJj T U^^j'jJ^ lWJ^^ 8 ^ ^ dluil G k 
» aaJ JJjJ j t_jlc.2>Ual AJLlJj (jjijljjljj£ j {fu} j^j AiuiuiS (JjLu-a (jlil£ (Jj-a t_jj|jjja 4j jjk Ajjj 
jl jljli (_5-a (jSLiouj jjl jj <jlc. (_^Ijj , JJi <ja.l lujl j oaJjj£ (_^ljJ Upl ^-aA ^^iS CjuLa jj A£ jjjlj ^^SvJLoij 
4j jljJ (_5-a I J IAjJjoi (^jj t_JjljJ-ia ft"ajj jaJJJjSUI A5LJjI (_5-J*J .Jj-aJ ojlijjaii jLjjIjS jljjJ jJ-aiJi 

g j|j jijLaJ JJJ dljjj^a 

4 + i = 4 - AG fe (2-9) 

/"udI t_jjl jj-ia j'^^W jj" - ^' j5Ljl^ C k j G k u^-^'j^ j'^^W jj""*^'' jxiljj Q k jl jj a£ 



Steepest Descent 
2 Taps 



Li Ciuil 



Gk = - 6, V 



fe v k 



(2-10) 



4 + i = 4 + Ae fe v^ (2-11) 

Y-Y (JSLioi jLoi (jLobaA j^ j Cliioil jLoi (jLuiAA ^Iajjjoi <_5-Jjj t_yljj>ia ^1^ jlj ~;k.v; <_£I^>j (LMS) 



Input |t> % j 




MSE Jr** Ji <&* J*± J*J jUhUI. Y-Y JSJi 
^^aSj (_£l&jLai (jLauiA j^ (jl jl (_^l Ajilj Jjljij pl_jji J (Y -^ ^) (_£ AJajlj j^ oAjoi o^l^ 4jL) j»jjjj5UI 



n 



4j y k l$\A> 4ijj-« JJ Ll/j £ Uai. JlJXjjai du^lc JJ j_^i.^ i_jlc.2/Ual jl ojlilioil Lj jljJ (^g-a Ij 4jL) 

K 

jl Aiijljc. <lial_j jjj*j j»jjjj5o! f-jj <joi (jjl . jjjI d±uij 

C (k+ i)j = C kj + Acsgn( e k ) vl_, , j = -K,. .. ,-1,0,1,.. .,K (2-12) 

C (k+1)j = C kj + Ae fe csgn( vl_, ) , j = -K,. . .,-1,0,1,. ..,K (2-13) 

C (k+ i)j = C kj + Acsgn(e fe )csgn( v£ H ) , j = -K,. . .,-1,0,1,. ..,K (2-14) 

jjii ^ t-ijjxj jj j Cjj_^ <j csgn(x) ^ j j ^ 

11+;' [fle(x) > 0,lm(x) > 0] A 
-1+7 [Re(x)<0,lm{x)>0]\ (2 " 15) 

-1 -;' [fie(x) < 0,lm(x) < 0]J 

jj ^j iClboil jJJJ ojLoi (_£JLai ojIjj __>iaj jl (^-^ ^) AJajlj jj oAjoi ojIj j»jjjj5\jI A£ Cluil ?LjJalj 

.Jjlj I J ^IjSLaA T"jJ (ItiJ-^-^ P'J^' J^ W ^juulLa 
(jLjjIjS (_£IAjIjjj (j^J^ ji^ Ij j <_£jj£ Jajoijla b LMS (^J^-^' j' (_5jN2 J ' "^ ■" pt_jj! 
JajaijJ^a (JllLa (jl_jj& 4j _ jjl {^a dluiJ 4j jLai jLabaA t_JjljjJa ft"aJJ 4j iljSI jl (Jj3 j jlj5\J (jJJOa. (_£jj 

jl db-ul CjjljC. jljjl jS jl JJJ N (_5 JJ 

"mN = — ~2jn=0 e mN+n v mN+n (2 _ 16) 

jl i"unl CjjLjc. jIjSvJ N J* jl J*J jl-J^ (jLobaA L_JjljjJa jjj-aj ^ISLlA 4j <_£ljJ /-liujSjl j AJajlj j 

C(fc+i)w — Qw — ^^kN (2-17) 

jj ajjoi aIjsJI (_5J^ Jajoiji-a C-AjJ " r - tojjoi ojIj (jLaiJ (^ ^Af)jjjjl£ JajoijJ A£ 4jj£ jLa& ^-Slj JJ 

,JAJ ^^-a (jiiAl£ jljjIjS j' J JJ (j^ 4 ^ J J 'j j^J^ (j'j^ (^"^ ^) ^-^'j 

j jjS (JJjl-! J^\j3 i Ss_j JajoijJ <_£ JJjJ jljjIjS (_^Ia jljJJ (JJJ-«J J^jS jl i-_b.nl CjjLjc. jSvjj *J^~*> 

jj_i (jJjl-! J^JS ^S j' B ^ ° ' ' "^ U^ 4 (j'j^ - ^ .clA^'j-* j' J J^ yjj""^' (jlj^c 4j (jl ^^j^j^k jl ojlilioil 

JA J ^^-a dluiJ 4j Ij jj j ^^j^jjj^ i(_$ JJ_jJ <_^lA jljjIjS (_^l JJ ojLoi 

w5 k -i + (1 - w)6 fe , (?(0) = 6(0) (2-18) 

diuil t^\j t^Ljjjj w t5 J3j .diuil jjS (jjj^-j j-^ -^W <j?^-! °-^J^ dfcy*^ O^w^l * . J a-ul jl jj <£ 

jl , Jjjui (_£>» >lj?jl jljjIjS (_^IAjIjjj l^jIjJ jIjxj (_^jj JJJ-a (j?J^ U^-^^ 4 J ^-^J^ J^HJ 3 -^W (J»W J 
jjSLjl-La ^J>JJJ JJ j oJjJ (^jy* -^W (jj^-J (J?'j' J J-" U£^ J^J 3 t_a"l ^-^J^ W Lff^J J^S J *— SjJa 
jbjlj^ (_$U jIjjj jl G k c5^ ^ ^ c^JJ*^ 1 J J . J J" cr* fW-^l U^-^'j^ ci^ 1 j' J JJ <j?JJ cs^' cij^ 



<J jjj AJajlj (3fL J? °-^ jQp U^'j^ LMS r^JJ^j' i^j^ii ojlilioil (\-W) AJajlj jj oAjoi jlij3 

,jj| ^g-a Cliaij 

W) = 4-A4 (2-19) 

jl jl j.LaaJ j c_]jIL-a (Jxojoi jjj I aa JUSLliai JjSLioiJ (_£ljJ ojJjj£ A£ Jjoi J^aj3 cs-4^ ' * "*" .' J J 
Li j ^^joijj-al oUj£ (_£ ojjJ i-£j UJ^ 3 J J j'j-^ t5-« I J <^*^ ^_jji .dioil « L3a<a ^Laijl (_£l& Jxajai AJLiJJ 
(JjJa . jj«aj aAlji ojjjj£ (_£ljJ l& jJjoi jjj 4j]jI ft"^ (_5'j^ °-^ Aj^liiuj CAc^/Ual (_£ <jl±jj i_5\J jLaijI 
(_^U^_l JLoijI JUSLlioi ' LjJa A£ (_£jjL 4_j tAjaiL) jLoi jLobaA (JjJa <_£ »j'"^ ^ j2lj^ ^'imjLl AjLlJJ jjl 

,jA J (jljoijj i ■ u ill *i a JjJa 4-J I J jiaj JJj-a (JLil£ jjL) 

Ij ^liljl diLii i_5\j AJljjj jjJaJ ^gjjLii ^1' taj 4jjJi AJLijj i_SLj ^^joijj-al AJLijj i . uc- 1 j-ac jj 

JjoiIj jLoi jLobaA (JjJa ^'^W N j' ^J^" °JJ J ^ Jj*J (_5-« t_lLkij| (_^1 4_jj£ 4_J j ojjJ UJ^ 3 ji&lja. 
jj L_ljljjJa pjiajj j ojjoi <_£j;£ (JjXjLlo <ULlJJ JjL <_5jJ j^P'j-* Vj«a*-a JJJ<« jjl JJ .(N— 2k+ 1) 
j JJj-a d]2(lLa JJ j JJ-J_JJ» L5J_9 J L^j*- 1 ^ (jl->-""ft^ I J °_JJ J ^ 1 (JJ' .Jj*-" (a-^ (*'-?J' J4 '— ^S "^J^^y *" » J^ 
Ajjoijjj pJ-JaJj <_£ljJ t^-J-ac- j^JJ ^S • t — Lui ' *^" cs-^JJ^ ^AAj^ ^ V V^^^joi jS j O ^ V&^OojjjjJjoi 
jLkjl ' " ll a J a i aJ jjiai ^g-a J^aj3 ^ JjoiLj aJ a ■ t3J jj ^ *".'■" jjSLLaC. j-a jl ojlilioil jjljj ^^-a l& JJjoi jjj 
Igil jl /, (_^l^> Aj £^, (_^l iaa (JUSLliai (_y5LiaiJ (_^ljJ j "JJJ -"•J*-- 1 13 dllc.2>Ual (_^Ia (Jxajai JJ_a-a JJ ojjoi 
(JUSLlial 4j A£ dluil OJjal Aikljjai 3 il i ^aj <i»i jXjoijI£ <lljjj l_Ss_j jl ojlilioil j5oJ (J^JJ . Jj>J ojllLail 
(_^Ia Jxajoi AjuLjlLa jl sjjjj£ i_S^)Ja jj j oAjoi ^Laj ^^gj >Ajj jl Lj Ij j ojjoi <iLial dllc.2>Ual (JaU 
jJa jj .Jjjyu {^a ojlilioil IAjJjoi t_lj|jj>ia jJiaJJ (_^ljJ JLoijI jSLaijl£ ^lA Jxajai Ij ^^jSIjjj ^5Lioijl£ 
aJ a i t3J /, (jl jj A£ jjI (^ jj £, = Ij, — Ij, Cjjja^s 4j I laa (JUSLliai jj a i taJ ^>j Jlla jj5LLaC- 
olS (_^lALixi. JJjlj JJ^ (_5-a jl£ jJjl-1 (_JUak 7" JJ l-J 0JJjj£ A£ ^Laj Ij ^dboil /, jj-aiJi (_^lii-a JJ ojJjj£ 

/"unl jjj^ jiaJ3jj>^a Jjli j»JJj_a>JI ^IjSLaA JJ ol5v-lJ j 
-t5-« {fv} U^*j ^J-'-"-'-"^ (Jjlj«-» (jUl£ (Jj-a t_uljjJa JJJ«J ' ; '7- j" j-al jjl JJ^ J^J*J (Jljl£ ?tuiLl jSl 
jjj Ijj # Jjui JAlji. (JjiSvjtla jjj (JUSLlial jjl jj t Jj|j ^ 1 1 n J {fl,} ^J I ^^ JUSLlial A£ ^LaJl jl .JjJJ 
Lj JJ_»J jlSjLal jSI . JjuiLl (JUl£ jj JJJ«J oAij£ (jjjSvjtla Ij ojj£ JJJ*J (^- ^ ^ ) ^-^'j (Jj^ 3 J^ ^* JJ^ 
^jiaj jLoi jLobaA (JjI^jUj .JjjJ (_5-a jLijI lA jJjoi jjj JJ g J ■'"' a JJJ*J ' JJ^ J^J*J ^Lc-^LLI AJLlJj 



Shift Register 
Cyclic Equalization 
Probe Sequence 



rr 



/g-33 j ~J *• ■ aJ )_J^> (JjaJ jLui (j'~ u ' A ^ T - T 

^i ^JJ* U^J 2 tJ^ j4uj^ 'DFE c^jj^- j-^ MSE 0^^ JSIj^. <_sUf<> jj .Jta <»UJl ^giiSjlj 

.111 ,_«« _j.i JJ j dlj_jj^a 

C k+ i = C k + AE(€ k viO (2-20) 

J JJ^ <_Aij ti^J^ j^ JU5Li^ jj^lio jIjUj Vk = [v k+K i ...., Vjk-l, ••••Ik-K2] J ^ J-&^> 
^JiSj AS A*i AAI_^k (J3'-^ ls-OJ-"* 3 J^ jj la a la ■ u jj a .AjoiIj ,_«a t— KT (j j J"^ J- 43 * LW 

..lib E(e k v£) = Jjlilo t ^ l o ifa A jhjj <k— »oo 
<W) = 4 - Ae k v k (2-21 ) 

/'"' jJ a i <3J J_J^ (JjaJ JLoi ^jLolaA (_^I^>J L1VIS ^-yjjXJI (_JJ» 

CS-^j^' AjLiJ^ i Ss_J jl (jljJ (^g-a DFE 4-y'jJ^ *S^j' ,~J ' <_5^ 'cs-^ aa ' j^ (jLi^aA ■ijj.-a ^ aA 

^)J lUa .i<a 4j jLoi (jLobaA (SEM (JSI-la.) 4 n^ J L_jj|jjJa 4j ((JAjoi t-SLp jj)(j.liai IjSLaA Ij .-ijS^ o-ililioil 
(JLac-l j £i 1 iaa (JuSLloi (JjXjoij (_jl^>J jboi jlSLioil ,_^j^k diLaxaj^aJ jl j o^U '"';■»■ '^j jjj»"' aJ a ■ <jj 
AS ' " 1 1 "' jAaj <aj J_^i. (JjaJ U JIjoi (jLuiaA jlS /^SSj -i-« (jLaA ^jjl ,Aj£ ,-a a " °' ■ "' J_ji> (_>4 _>"^ ^ (j' 
jLoi (jLuiaA t_uljjJa ajiaJJ (_jl^>J ^^loSjlj AJajlj CluLa (jjl j^ ^"unl oAjoi o^b (jLoiJ T-V (J^ujj J^ 

jl dluil ClljljC- 

C (fe+ i) = 4-Ae fe v k (2-22) 

•Vfc = Vfc+/fi -Vkh-K2 -h-K2 J 6fe = 4 ~ 4tj' J J ^ 

(jLobaA (_^I^>J AS Cluil ^ j^ iiil aA LoiLoil DFE ,*J *'" L^'^W LMS f^JJ^' (_J^j5LLaC- '"'^ ■ ^a> ■'" 



rf 




JJ - 1 aj j ji (_pjj JLui (jLul d A Y - V (J&*i 



^j ci jUj jLa^A ^Ijj (RLS) c5^^jW <^jI*j>« ojj^ cS 1 ^ <4oj^ V'-X 

j ^ -Y ^U jia-J jj A£ DFE Li j tjJaa- jLui jLuiaA L_llljjJa ^j ^jJaJJ <_£tjj LMS <4uj^ 
Li ^^jtalj (jLj^ljS jIj^j (J I jj a£ diuil ((^jLahjjji (Jjjj (*JJj^ (*-yj_r^ ^S l'-"l'-"^ '-^ r^J^ ^-^ 

. Jjjui ^^-a ojj t_JJ^)ii jjl ^^-a ClluiJ 4j L& ojIj <_£jj j' 1 ajSj ■ u a A£ \) / ''^'' 
^^SjLui (jjl CjjLi ^^ikljjj (_^lg-J .diuil (jl ,-jl luil a a ^^SjLui Jj^)3 (J2JJ ^SJ^ (»-yjJ^-^ t — y j -4 Oljfi °-^ aC- 
(_£ljlj (JUl£ r ^^SLluixaA jji. (jjoJjjLa ojjj jJjLLa A£ ^g-alSLiA 1 . ^-j. ^-^. y unl yl jj£ ^IjSLaA 
£jj Jj^ Ci'jJ U^P'j^ <4UJ*-^ 'J^P oL^jjj jl .X max /X m i n »lcr i *^ '"^ ^J LS^^^Ji 
(jjl jl /gjuolj (jl Aj£ ^IjSLaA **?■/''' J-^ .-^jta Ij A cs-^4 fti ' (J^ J-^J-! ^S ■* a ^ cs^J^- -4 * 

.dull ^juiLuil '"'J 3j la a 
jluUJ (_£lA jiLatjLl Ll <_£JJ ftjoajj (_£l& j»1ijj5oI Cluil >j*)/ JJ ('SJ-" 1 t^J^- 4 * ^ cs-A^"^ L^'^W 

-c5-» ^W A,,i ,X 2 .... ,Xn °J^j j*^ tsh^ j N X N p_>i j' T lwJ*^ j& '\^*±£* .*j£> £tal 

^^SLijSLa. .^_j-aJ ojliluit 'ojjj jjjLLa jl ;»tj£ ^>A (_£l_>J 1-&J ^>A tjj^atjLi N (J-«Lui cs-^JJ^-^ j' U^J^ 

/"unl (Jj^J (jjl '"'*■■; p jj^ia^a ^SJ-" 1 cs^J^-" 4 ^ ^ UJ 1 '""'■ L^'^W L&jJ-atjLl (jjl 4 *<j* J ( . ll ajjjt 

ojliluil dllsuj-a (jjjxa£ ojJjoi jl "-"jl .' jlu'uj ^IjSLaA die. jjoi Lj ^Ia j»jjjj5o1 jjjjl CluiJ 4j (_^1^>J 

.Cluilj jl£ jJjui ^^jaljjj ojlj Ll 1 ^j'a'' . u ^ ^"unjLl Jj5LLaC- (j^ikLui ^jj jljJ yjj-aj JSIja. (_^1^>J IjJ Jj-aj 



r<i 



A£ dluil (_5-i*-« (jl-^ (jj' o.}Lai (_jLlJ 4_J _j»j^j£ (Jiil.la. Ij I laa jj la a Jajai_aia (jjl jl (JJJJ A£ (_5-J^ J-^ 
i '* 1 "' oAjoi (jV^ cs^ J ' "_?' a U-luia jj lSJ-A' ' "_?'' " c5 . ^ ^j^-Lac- (j ■»«■*■' uj 
(Jtuijlj I^j .(Jlluil t_boiLLa ^^joUjjLo dljjA^a 4_j ,gliuj£jlj ClAju^a (jjjla£ (_jlA .aJJjjSUI (JjjLoj 
(_£jl.}S ClL«2/l£. jjJala (jjl (_£ljJ .(*£& <— ^)J*-^ I J jjJala (jjl (_£ljJ jLlJ ^J_J-« LWJ^^ 4 J j'-^W (_£>il>i*J 
_j«i I J ba jLai (jLobaA '—So JajoijJ dllc-^AJal (Jxajoi (jxoaj .j^-s. .'.'^ J_jJa 4-J ..a^-i (a-o JJJ*' /5S.IJI I J 

joA^ ,_-a (jjjLaJ JJJ dljjj^a 4_J ""'■"' TJ'*- i <a .lie I— 5Lj AS t (jLaj 

f(0 =!?=-* Cy(t-l)V t _y (2-23) 

i_Lj*J jLaj^A j j = N -1 12 j=0 j' Ci(t-l) J«i j (J-aaLS dljjjsu o^j^a-a (jiaJ_a*J b 

y(t) =v t +k (2-24) 

Ajl ^ J^ JJJ ^jj~a <j /(t ) 0^=^ 

/(t) = IJU 1 9(t - l)y(t -;') ( 2-25) 

= Cj,(t-l)Y N (t) 

'Cj(t-l) J— d^** s-yL^ uj^ ci^j^jj ^j^ ^ Y N (t) j C^(t— 1) u' j^ ^ 

.^-Aj=0,l,...,N-l'y(t-j) ci^jjjci^ (i^- j j=0,l,...,N-l 

jaJjl^ Ij 1=0 1 ... N-l 'Ci(t) ^J^ 1 ^-IjtjJ^ .* J ■" ' "" ' jj-*-- mJ jLai (jLobaA _j«i AjLouj JjJjia <J 

(j^j jjLa <j Ja_^j^ jNP ^t^^ 3 K2 — N-ki -1 j j_^ <_Ay j^ ^ -^jj>« Jj' L r^j j ^ a ki+1^ 

I t -j j' J^ ^ / t -/f2» - . 't-l> V t+1> - > V t+Kl J 1 ^ D > /(t)t>^ J^ *^ .•**-* J> 
jj (_£jj£ jj * 1 aj (_^1 ^1 Jaa jjI jl Cnj (jjl j^ /"udI ^^AjJ o-lai iLklil ( " ll aJ a ■ *aj jSLjLij 1< i < K9 J 

;iaj£ ^g-a <iUial j;lj Ij jjj L_SJj*J (_^jl^S du2>lc. 

y(t_ -' ) = lww m<j<N-i\ (2 " 26) 

^v(t) = [y(0 y(t - l) -.y(t -N + i)f (2-27) 

T 
- [V t +Kl ••• V t+ iV t I t .i ...I t -K2] 



rr 



( (j-aJl£) ( _ 5 Jjoi£jIj CllLuj-a (jJjCLa£ .»jjjj5U! ^ -V-T 

.jj£ ^^jj J>«ja jjj ^>i <j (jijj ^ I j /(t) jl (RLS) cs^jW ^\*-?j* u^j^ u^=^ 

jLai (jLoujA c_]j| jjja jljjJ j»jAl_^k f^a j sjj£ oJALaba Ij fl=0 1 . . . t 'Yiyr(t) J^^W ^ -^P^ L>°J^ 
Ij JJJ ^" J-'J 4-J °-^ °-^ J (jjj (-£ JJ la a ,_jLaj la ■ a jJ a <£ Ij Cju(t) (ftj " ' "* ' J_»^- lW 4 ) 

aajLaJ <j;ll*J t jj£ ^^-a (Jalja. 

^ = S= w t - n |e JV (n,OI 2 (2-28) 

Jjjoi ^g-a L_SJj*J AjjSLjjl I La^ <_3j3 AJajlj jj 

ejv (n,t)=/ n -^(t)^(n) (2-29) 

ojjai t_iLkli! ^Laj 4-iuiuiS (jLaj ojlj 4-J ojjai (JLacI jjj .0<W<1 '"'■"! c^-Jjj ^-^J^^ 3 ^S J^^? W J 

LS ...... 

jI^jj <j '"';■"'' £ (jlkLoi (Jat^i. .dial! i . u ill \a jj-aj Lj J^*-i-« '"'1 i >■»■*■ lu a (_^'j^ U*-J" ^S l^'J^ J 

. JA J ^g-a i'l»0 <j IjJJJ '"'*■ A <~- j"?- " Cm (t) S-y'j^^ 3 

R N (t)C N = D N (t) (2-30) 

dluil JJ j dlJjA^a 4_J ojjai L_SJjxJ i(JU5Lliai ^^SvJLaiXaA JjjJJjLa R N (t) (jl J^ ^ 

«N(t)=I t n = oW t - n Y*Y ] 5(n) (2-31) 

Cluil (Jjlila ^^.LaifaA jl jjj Djsj(t) J 

D N (t) = ELoW^^WKn) (2-32) 

jl Cliai! dljLjC. (Y-V • ) AJjla-a (J^. 

C N (t) = R N \t)D(t) (2-33) 

jljjJ -Jul a»> Dj^(t) j'-^^W ^£ Cf^" J^ l — lui ' r L^J^- 4 ' ^^SvJLobaA J_ai> JjjJJjLa jjjl aft) Rj^(t) lWJ^ 
't l -^^J^ J^-^- 4 L^'j-? ^ r^y^ jjSIj /JLuijIj joia^aA /"unl (Jj3 jj aJji l_Sjjju jjllLa ^^Sv-LoixaA 
jj A£ Ij SI\t lWJ^^ 4 '-^ J^ ^ i"u»it (Jj-aa-a Ij] S JjoiLj 4_jj£ jl-aJJ Jajljjoi (_^'j^ RKl(t) '"'"'^ j5La«a 



Kalman 

Recursive Least Square 

TV 



^Laj /jAJ (jjj 4 .Aij£ ^g-a <iUial R|^(t) *4 < ^i"» ^-J (J^J^- 4 ^S In -9 ^-^J^ '"'."■" dull) i Ss_j 5 (jl 

>j C N (t) f^>> c^ J ^ b >J C N (t-l) <>u t-1 u^j c$l« (X-YT) cU a£ ^£ ^ja JU 

*4 'j Rn(0 u'j-* cr* '-^ -f^ cr* (-^ J^J C- 5 ^ ^ -^ ^ -$ 4-^-"^ lS'^W .*— l "l cr^-J^- 

. .ij-aj <jjgiLa^a JJJ T" ^^ *4 u' J J dlj_ax«a 

R N (t)=wR N (t-l)+Y* N (t)Y t n (t) (2-34) 

.jxLaU ^ R N (t) ^^j iJ J^ (»^* *4 ^^ lj (V-Vf ) <Jajlj 

o^lilioit (JjoJjjLo (jjoj5La-a <_5^ J^j L^J^ 1 ^ j' ftU^ J4^ R^ft) (J JJ J^J«-« *4 (Y-VV) AJajlj j^ (j_a£> 

• <4^C^ 

^n iX) - - LR N (t-1) - w+ y N(t)R - 1(t _ 1)n(t) J (2-35) 

,^_4AJ A J i ula a (Y-VA) AJajlj (_3fL ^>J ^jLuoSjlj Cjjja^s 4j <jljJ ^^-a lj Riu (t) (j^^>A^ 
O*^ <>J«r? J^Ji f>^ *4 CS-^ N J^JJ ^ ^J*^ .Pn(0=Rn f^ <-T* L -^J*- S ^J^> LS^Ji 



^w-^^-^w < 2 " 36 > 



^(0 = «(0^(t - 1)^(0 (2-37) 

Jj| t5-« J J ^-IJJ-k^a (jjl <4 (Y-V<i) AJ^La-a L_ajjl*J (jjl Lj 

P N (t) = l/wtP^t-^-K^YN^P^t-l) (2-38) 



Time Update Equation 
Kalman Gain Vector 



TA 



^JJ^> Ujl J^ ,fi& ^J*^ L>*i Y N (t) J* I J (X-VA) <Jajlj OJSjIa a£ AuS <>aja 

P N (t)Y* N (t)=l/w[P N (t-l)Y* N (t)-K N (t)Y t N (t)P N (t-l)Y* N (t)] 
=l/w{[w+|i N (t)]K N (t) - K N (t)|x N (t)} 
=K N (t) (2-39) 

jjS lJuj*j jjjj p N (t) Y N (t) t-ij^^> <j (jljj (j- I j t>H£ oj^j jbjj ujIjA? 

C N (t) =P N (t)D N (t) 



D N (t)=wD N (t-l)+I(t)Y N (t) (2-40) 

^> 
C N (t) =l/w[ P N (t-l)-K N (t)Y t N (t)P N (t-l)][wD N (t-l)+I(t)Y* N (t)] 
= P N (t-l)- D N (t-l) + 1/w I(t) P N (t-l)Y* N (t) 
-K N (t)Y l N (t)P N (t-l)D N (t-l) 
-l/wI(t)K N (t)Y l N (t)P N (t-l)Y* N (t) 
= C N (t-l) + K N (t)[I(t) - Y c N (t)C N (t-l)] (2-41) 

cP*j t lA-0 j^ j^ 1 u^*a c5^jj^- W t - bj) l jj'jj Y l N (t)CN(t-l) ^ ^ ^jj 
/(t) = Y l N (t)C N (t-l) (2-42) 

e N (t,t-l) = I(t) - /(t) (2-43) 



1 Post Multiply 

n 



(JjJJa JJ J /gliuJ^jlj Cjjja^s 4_J Cm(0 '-^ .(j' (j^ 4 ^ J J^ 1 ^JJ* (Jf Am (JJJ (_£Uai. lj Clml JjljJ 

Jjjoi (_£-« j»l5LiA 4j JJ j AJajl j 

C N (t)=C N (t-l)+K N (t)e N (t) (2-44) 

Lj CLlluI jj! JJ <_£ jLm 4 jj^ j jjl jl (JjL^La o jjLa ^Lj (_gl laa jjjj^a Jajoijl^ 
LS 

e N . =E t m= w t - n |I(n)| 2 -Cj I (t)D^(t) (2-45) 

1N min 

i-l3ljjj JL^-Loi jjjj>. Aiij* l_SL) ^j .fJjh lj P N (t-l) J CN(t-l) ^ -^ (J- 3 ^ 4^!>Lk Jjia <J 
J Pm(0 CS-^J (-O^- (»LxiA 4j <_£ljJ ^gl u L^jLj AJjla-a Aumla^a Cjjjj^a jjl jj .j»Jjlj I J Yjj(t) '^J-»J 

Allj ^ <Uh! jj j £j£ <J C N (t) 

/(t) = Y l N (t)C N (t-l) 
e N (t,t-l) = I(t)-/(t) 

YtN(t)PN(t-l) 



K N (t) = 



w+ YtN(t)PN(t-l)Y*N(t) 
P N (t) = l/wEPNa-^-KNWYN^PNd-l) 

C N (t)=C N (t-l)+K N (t)e N (t) (2-47) 

_ JJjjS (j-ajl£ j»jjjj5oI Lj RLS ajSluia ClljjA^a I j <_3j3 AJajlj JajoijJ ojjoi ;tJ jluJ j»jj jj§o! 

(_£ljJ A£ ;»jjj£ jiajS ' iaa jj la ^ la ■ a jj a (J3'-^Lj j (_£jljji.l j°> a ,_J_aA»-a (_£l& jLai jLobaA JJ 
^^-a (JLoijI oJJjj£ L^'^W * JJlmjfl JajoijJ ojjoi AlLkliioi ^^jlu jj-al AJLlJj l_5\J jLai jLobaA l_jjI jjja AjjjI .aJiaJj 
sjjjj£ A£ dim I jl L_ijlL-a (_j! A Lailj jja. ^IjjLi^a (_^lA A5Lilu JJjLa l&JjJjl£ ■ Ia» J jj Lai .JJjS 
I J JLlu jLulaA l_jjI j*ia j oj_4AJ jLa Ja& ,_jaljjj (JUXJjoi U I j j_jji. ,_lu j_a<al AjLlJJ i_XJ J _J^J (jj-^ 
I j ^gjoij^l (_£ Ajljjj jl ojlilioil jjJJ L_jj|jiJa AjjjI .aJ-JaJj jj ^ *".'■" iS j^- (jLuiAA (^Lj-lujj , JjLai P^JaJj 

, jlaU ^g-a Jj£ lj L_lljjlj j^ajj. 



Self Recovering 



2 Blind 



(jLuiAA (_gl g a'ij jjSol jl ' alia a &J.J-* ^- ul A "' '*" ^-*^ J^ J-^ ^^^) jjIjoi AJlia jl f-jjjji L 
(jJJJXJJjal (JJJJ jl jLial (jLabaA a J la il (_^1^>J lA .»JJJ_jiSjl jl OjjS l_ JO _AJ1 Aj3Ll AjtjoljJ J_J^ (_£ jLu! 
^jlSjLal jl jLui (jLuiaA ,_^l^Ja j (JUl£ ■""■ aa uui (j-LaaJ (_5'_>J Aj-i °J^P _Aij£ ,_«a " 3J ■ a) ^J^)3 
ojjS 'j^' .lijS ^^ o^lilioil ^jjaljj^ (JUSLloi (ijlg-a> 4_iij^> VjAi") JJ^W 4-"^_>* J (*J-^ ^J- 4 

-( aJA^ ,_«a r - ^xii Aj^olX^. J_jia 4_J I j lA ojJj^u (_jJl (JJ^J (jjl )J .-^1 

(jjl ^^^j^i* A£ .IjLaJ (^ (_£jj!-ilj .(»^J^ ft-iUluil <luiui£ (jLaj (JUl£ (J.ila-4 (J«la jl A£ Cluil L_bajLLa 

jl Cluil ClljljC. Laui (JJJ (J^ljJ (_^ljl^ (JUl£ (J.la 

X>n = 2k=0 Ui-k + In (2-47) 

jj_^j AJUj.} {Tin} J d llc.^Ual AJUj^ ^K-^ | Ik} c4 -^'-"-'-'^ lA'O (J-^-*- 4 (JUl£ t_yljjJa (fi,) (jl J^ A£ 

I = [Ii I2 . . . °^ j^ j f = Ifo f 1 ... fj ^j^ £*^ J^ji j' £^L' -2=>_P *j v 2 . . . Vn] 

jl CuJ CjjUc. I N ] T 

P(V| ^ 7) = 7^T eX P(-^lS=>n-lLo//c/n-/cr) (2-48) 

L-£jliuLd (J aJa>l ^gJUL^ jXjIj A£ IJlmA Ia jb^>J (jjl jl (_£jJ.}LLa J f AjLoiJ j!i£l.la> i-^jluLa (_£lA (jXaaJi 

j^j-aj Jal^a. jl ML cK 1^ .^y 1 -^ Jal^a. lj yl ti 1 -'" j^ ^j^j^ ^W ^ j jj^>^- Ij p(v\f, /) 

Ajl ^^-a ' " ' ■ ■' *> <J J f <_5 JJ JJ j CjjIjc. 

0M(/,/) =ZS =1 |v„-EU/ikVk| 2 = \\v-Af\\ 2 (2-49) 



^ato 



f> 



A = 



h 
h 




I t 








In In-i In-2 ■■■ In-l 



(2-50) 



ojIj (JjjjjjLo Ij ) J ojIj jljj? C5-^J ^ r^j'^ *^J-^ J£?" ^>* j' U^ .Clluil A U»-n.N * (j\A£ jjj dllSLj 
^ljoiLi ML (j^ 4 ^ 4 Clluil j_a^j-a ojjjj^jj ^^joij^l AJljjj i_5\J A£ "» a JJJaJ tdluil o-lui <2a.l iuj (A 
Ij Clluil JjljJ Aji (^a Cluij 4_J f (_£jj (Y-f^) 4Jajlj (jlkLoi (JSIj^. jl A£ <JUl£ <JJJ>ia 



f ML (D = (A H A)- 1 A H v 



(2-51) 



(_£ljJ * ^ .' AjLjJ j!i£lj^ jLoi jlSLuil tdluil OJjoi <CLkliiai f (JUl£ AjjjJa fLjaiL] (_5J3j j5Lp L_SjL jl 
-<_5-« ja-luia Ij JSJ <_£jlj (JUl£ (Cxkjj Ij j) (Jjjjjjj ^jjjj j»jjjj>JI jl ojliluil Lj J ojIj Ajljjj jJJ*J 

(jl jj {^a I j DM (I f) -ij5LLafr jl-J*-« (_£ jl-ui (_pl J^> IJluUJ o Jjoi Alikliiai .»! j£ £cjA J 4j j f 4j ^^J^j 
jl j_^i. A£ n(v/f) ^ a^l ^ULa. ^jIj jl (jljJ ^j-a Ij f jSLp CjjIjc. 4_j g j|j aIjsJI f I <_£jj l^jIuLa 
<_5-i*J ,jj (JAAaJ t jjl ^g-a i " u i) j 4_j jSLa-a ojIj (_^lA Ajljjj ^LaJ (_£jj T)(v\f /") <_5J^ LH^W -4 



pW^ZmPH^" '/)^" ) 



(2-52) 



I JUIlo, ^ojkio s jljjl M j m=l,2, M N csLw I=I m ^W^ J-^l P(I (m) ) j' J J ^ 

^^j^jji. 4_j «* laal a ^ laa jjc. i Ss_j t jljSo jA jj i ■ IjUa^a ^ljoiLi .JJJjJ jjJala 4_j a£ IiLuA <_£jlj£-J 

, JJjLaJ {^a (jLaC-l Lxa FIR jLoi jLobaA JJJJ3 

,iaj£ ^g-a jlc-l j»JAJ (^g-a jLoiJ {c n l W 'j <j' ^ ** *£4 ■ j^-" 1 jl-^-aA t_uljjJa AjjjI (Jjoj^ Ij Ij jl£ 

jl j (jjjLaJ JJ j dlj_jj^a 4_J jljJ (c-a I J jLu jbobaA ^jaiU U (JlJlS ^cjoiIj jjoi_aJ_aJl£ j.il!>.ii 



{c„}*{f n }= {5„}+{e n } 



(2-53) 



fY 



c_Jj|jjJa Aj]jI (JJ.Ha. jl ^jJuiU <_£Uaa. AJLjj J^-^ {Cni -5 -^'j (_S^* Ajj-oj AJUjj {S n l <j' J- 1 ^ 
dblilj jO&lja. 2jj£ jjl_ajl£ | V n } c^-^JJJ AJLu.} L) I J jLui (jLobftA Aj^jJa ^LjoiLl j£l .dluil jLoi jLuiaA 

{/„} ={v n }*{c„} (2-54) 

= {U*{fn}*{C„} + {lln}*{Cn} 

={In}*({5„}+{e n }) + {Ti n }*{c„} 
={I n }+{I n }*{e„}+{il„}*{c n } 

^jLlAxu JJJ JaJjJ J^jUj {I n }*{e n } ^laa. ijJaJ jj^a ojlj AJLuJ J^-iLu {I n }Alaa. (Y -6f\ AJajlj jj 
|/ | ojjoi_ajl_ajl£lj AJliJj jl ojlilioil La A u i " a # <Jliuil » aaJ JJ_»J jXjLij |fl } *{c n } AU-n j ojjLa ^L 
jjLuiaA JJ_a-a JJ .JjJ^ (_5-« ajlj (jLoiJ|(J | Ij V_a-«J«-a A£ dluil ' ■ IjJ la<a ^ljoiLi j-LaaJ jjjl^J (jJfilj <_5^ 
^ljoiLi jj£ <_£JLai (jLobaA J-a j.} /"udI {dn} — {I n } 'cs-^jj- 4 ' AJLuJ l-SLj jl ojlilioil Lj (_5^3j lSJ)^ 

.^JjLaJ jjjj {/ n } <_£jj jl t^ioJ-S I J L_jjlka 

J^*-* j' (j'j^ <jr* {/ n } J' - " 1 U^- 1 " 1 * ls^-JJ^- o-^^o ciJJ j' {I n } U^ 4 ^ LliLW U#*^ lS'j^ 

(Clluil (_5-^jS JJC. PDF L^j'- 1 {I n | CS-^j' aJ^J-^ A£ Lail jl .J_aAJ ftjUluil Uaa. jj.la-a .LjaijXa 
{d n } (j^ 4 ^ Oljfii-} cr" ' a jj /"udI {/„) jl {g ^~^ J*<~- cy-^J <-£j I Laa jj la a Jajoijxa j-LaaJ 
<_5-i»a. JJC- ajIj g J jjoi ^g-a J J ja. JjaJ c^ 3 J j^- 11 jL"iaA JJJJ3 4_j Y - f JXjoi (jjAJa-a j jjj jj Uaa. jLSLxiai 

.j^JS {-a ,—iaijjJ I j ' Jaa jj la a la ■ aaj a jljx«a jj ilXa 















Jnpuc 


Adaptive 
equalizer 


Output 






Decision 


f„ 


A 








/ 




, 






'a 












Error • 




■ 
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Nonlineir 
function 






signal V 










rf. 







<j / jLui jLobaA ,_a.jja. jSl A£ ^jjI jl Cluil dljuc (jxoaj i—SLiiai^A^ j oAjoi <2a.i ''■'"■ 4 jj ■ » a i_SLj 

^_jjoi o^U (jjjLaJ JJ j dlj_ax<a 



fr 



/„ = I n + f\ n (2-56) 

.As. A j > >i*q jl ^tov jj_jj j ojjLa ^Lj ISI <_£Ijj)j_^j ^ <_>aja jij^a Jauijla b (^J^ f] n <j' J J ^ 
(jMb-flJ (jUjjilo Jja. {I n } j ojjj JiLoLO <_£jUI jjaj jl {^f n } j {I n } '((»JJ^ ^ l_SLa£ lSJ^J* 
Cluil dljljc. {I„} (_£Uaa. jj la a Jajoijxa (jj-aaj Cjjja^s jjl jj .jJlioiA jLoiSo AJJjJ (_5^J^ J U°"' ' " " 

d n = E(I n l/ n ) (2-57) 

.dluil jLui (jLui<aA ^gja.jja. jl ^ HA JJC. (_3-«-jl-J iCliuil (_5-^jS JJC. {I n } (_5^J ^£ 

p£ ' (_5'^W ^ '"'■"' J_ja._j^> J_A (-5 j'-"- (JLolaA (_gl g aJ 1 j jSol (-IS dljjj^a OJJA J jljaU T - l (Jjja. 
(gj Laa jjc. L_]La2jl jj LgJl ^gjoiLail Clljlij A£ j»jj£ {^a 4Jaa.2/La _jjj£ ^g-o a J 3J ■ at LMS J^*- 4 j' 
Lj jaJJjjSUI (^IS A£ Cluil jjIjE j»JJj_a5ol i(J-a& jj ojlilioil Aj_a^ .aJJjjSol jjjJiajlj /"unl A laal a 

.Jjm ^ Aji^ jjj (CMA) T <-lAj (3^° J^ 

(jLobaA ^gjajja. 4_J laa jjc- ajIj (JLafrl jl (Ji^-ilt {cl n } AJUjj A£ Clboil ?LjJalj Y-^ UJ-^ j' 
(jjl (_£ jLai ftjUj A£ Clboil jlSLioil jjia-aA ,jj£ ^^m lSJ^ 'j t^-^jj^ 1 ' AJUil Ij t_ijiL-a ^uiU (JjAJ jLoi 
lljj>^ajj>^aa. A£ ;»Jjlj jliaijl L-JJJjJ jjl 4_j .jJlioiA LMS f" ^ 3 ^-'■"^-'■"Hjj j 'dim I o^Loi Ia j»JJj_a5ol 
.Jjullj AjjoiIj ^^SvJLolj |v n } C5-^U^ °-^ ^^SLloU-aA Jja. (JjjjjjLo 4_j Ia *hjjkl\ jj| ^IjSLaA 

A£ jJjjoi {^a IjSLaA Jajoijxa jljLa 4_j ^g&j LMS P>0' cs^J l5^* (^JJ^-^ 'cs^'j^- 4 * _>*^ j' 

E[v n g*(/ n )] = E[v n / n *] (2-58) 

E[C»v n g*(I n )] = E[C?v n I*] , E[I n g*(I n )] = E[|l n | 2 ] (2-59) 

A£ A±j£ A^.J1 .AjLoJ oAjjI^j Ij (Y-ii^^ <Jajlj |J } jl-" 1 (JIjjiaA ^^J^j^ja. A£ Clluil >jV *> aAU jA 

^^SvJLoUaA Ij dluil _>jl^>J (Cluilj L_a^)Ja) {I n } ^^-JjoUaA J^ja. /ulj A£ dluil (jl ^poLlJ CY-^^^ <Uajlj 

lul aj ojjjI^jj Ij Clilk^ajA^aa. jjl A£ ^lAjJjIji .(^r 1 ^ *— ^^r 3 ) I n ^ JJ 1 '"' cy-^ J I n LfcH (JJ^ILa 



cj : 



Godard 

Constant Modules Algorithm 



ff 



jjS jjiui £)L*aA j\jj g jUi <jljJlj£ iS*-* j»%JJ^' *-^ Jj- 1 ^ 



Equalizer tap coefficients 
Received signal sequence 
Equalizer output sequence 
Equalizer error sequence 



M 

{I n } = {v ll )*{c„} 

{e„) = g(l)-l 



Tap coefficient update equation c„ + , = c„ + Av*e„ 



Algorithm 



Nonlinearitv: g(l„) 



Godard 



Sato 



Benveniste-Goursat 



Stop-and-Go 



i- (|7j + A 2 |/„| - |/„P) ( R 2 = fJifO 

fcsgn(/„U- £{|Re(/n)j} 

/„ + * f </„ - /„) +■ * 2 1/„ - 7j \l esgn (/„) - 7j, *, and 
k 2 are positive constants 

I, + hAil - /,) + ^(/„ - 7j* (M. B) = (2, 0), (1,1), 
(1.-1), or (0,0), depending on the signs of decision - 
directed error /„ - 7„ and the error £csgn (/„) - 7„ 



ojjai ojtj (_jlA j»jjjj>JI 4_k^a2/Lk JjJa 4-J .^Jl gJjoi 0-lLaU (^ ^AY~) i_5oIXjoijJ t(^ ^A^~) <s-™ lSJ-" 1 j' 
I i i_5\Jl5Liai_jj duj ^j' aa I jLui ^jLolaA ,_^jji. Ajlijj AS jjjjai t-A lj5L«A <J&J '- ' UJ-^ J J 

. jAaJ ojjjljj 

jjjju 1_J dlml^jl AiaiAl 1 *»«...*< ^IjSLaA <_£jLal jIjjIjS (_^Ia j»jjjj5oI ^ W^iI Clujjj^a 

_AiALj j_4J$j ij\ ojljjl Ij Ij ^IjXaA £jj yljj ^ 'RLS £^ <J LMS jl cs^J LSW^JJ*-^ 

<JU>Ojui JjVlj J <»JJ 4_jjJ-« (jlSjLal j^ (_g^U^ JJ^ L£ j^" 1 (j^w-aA (_glA .aJJJjSal V-f'-T 

(JUSLlial AJLlJj ( ( _ 5 5\jLaUA& J J^)j» J J ^JJJ- 4 (j^jLal ^£ Clull OJjal AlLkliial ^^j^ Aj ' ■ llla^a (jj| 
,j;lk (jl jli JJ_j-« JJ (_5-Jj JjIjS (^ La jliikl jj ^Ic^/ILI i(JUl£ A i ^a uLa 4_Lalj JJj-« JJ t^^JSljjJ 
ojjoi <ljj-a (JUsLiiai i Ss_j JJiaJ i^jjaljjj (JUSLliai ^S^l.^ilAJi J ja. ajIj (jJjJ ^jLii ClljjA^a jj ^gjj 

(JUSLloi jl (Jlil£ jli j 4_Lat j (_£ o jljjl (jjjji Ciuij <j ^^jjI^- (j^J*> j J /"i>»j'i ^j-^ ■ ^3 (jLij (jjl ^-jLua^j a 



1 Bellini 

Bussgang 



?<J 



,.}&.} ^g-a (JjSLiaiJ I j ( ^ ^ ^ A j ^^f^ Ootj JajaijJ oAjoi J g i uJJ i 

jjVLj Ajjj-a <_£jl««l (_^lgjaijj jl o-ililiail Lj ^^jSIjj^ (JUSLiiiai <_£jj jl (JUl£ ftuiLl j.LaaJ (j^% aA 

Ij (jLaj Lj JJ-iAj J£*-^ J 4luiui£ laa aJ i uJ i u i Ss_j AjjjJa ^ljoiIj (J^a^l JjJa Aj /"unl JJ.ll jlSLal jjj 

^gjoijS jjc. (jl <_£-ijJj AiLjjl -Ljjoi 4_j ^glialjj^ (JUSLlui (_^VIj 4-^J-« (_glA j jlluiS jl Lli.ljk^a (jljJ /«-« 

(JAla j (Jjjj£UIjS j ( ^ ^ A V\ (jjjj^ULjS L_SjL jl A£ Ij jj j o^Loi (JJJJ I^Jjl J-i .J jjl CluiJ 4-J AjoiIj 

^^jSIjj.} (JUSLiiai AJLiJ^ ajlg-js* Ajjj^j (_glA jjllui£ LSjJ jl Lr-J^ ^J^^ 3 ^"l-i jj^"^'' <_5'jJ (^ ^A^~) 

Jjtlu£ /"lull /gSjSa ^gjSljJ^ (JUXjjai AJllJ^ A£ juj£ (^ (_Haj3 LllJj£jai (_£ljJ .ftJ*^ CS- 4 f J^ -^ ^jljl 

_^_jjoi ,_«« i_SJj*J JJJ dlj_jj^a 4_j .ajlg-ji. 4_jjj<a 

C(v k v k+m ,v k+n ,v k+ = c r (m,n,t) (2-60) 

= E(v k v k+m v k+n v k+ i) 

- E(v k v k+m )E(v k+n v k+ i) 

- E(v k v k+n )E(v k+m v k+ i) 
-E(v k v k+ i)E(v k+m v k+n ) 

C r (m, n, 1) = C(l k , Ik+m' Ik+n> ^k+l) Hk=0 fkfk+mfk+nfk+1 (2-61) 

tAjoilj jLoiSvJ AJJJJ C$1 jl^ J U*"' ' " " l5J^*I J^j^ ^ '{In) 'Lr-^ ^ (-5-^JJJ ^J^J^ L^I^W 

JUl£ ^L JjL jSl (_>u .j^ii ^ oaloU Kurtosis ^ ^-^1 '-^ <-£j c(I k ,I k+m ,I k+n ,I k+ i)=k 
a£ cijjia <j £ikj$ jJii j^ m = n = I = -L ^jj^> <j Ij L,n,m u'j 2 cr* tA "W L+l 

c r (-L,-L,-L) = kf L f 3 (2-62) 

fjjlj m = , n=L , I = p fjj^ jSl <M^» <jjj^> ^ 

c r (0,L,p) = kf L f 2 f p (2-63) 



i 



Tang 



Giannakis 
3 Mendel 



?? 



Cjjja^s 4_J (jjoLlLa c_Jjjkia i Ss_J L_a2/likl Ij AjjjJa ^LjoiLi Lf>±& ' ■ uS JJ Ij (Y-^V^ j (Y_f Y") Jajljj jSI 

Jj) ^g-a ClluiJ 4_J jj j 

f p= f »^I^' P = 1 ' 2 L < 2 " 64 > 

(jjij ' laa jl a£-l ijLui (jLobaA f-jj jA jl ojlilioil t(JUl£ (_£JLai jLabaA jl (JUl£ jj-aiJi i_5L}5Laj Ij 
/"unl JJ.il jlSLal Laui (Jjj (J^kljj jljia. l^JJ AjUjj AjLoij j!i£l.la. <_£ jLai jlSLioil Ij j jJ a i *aj Jj_ai> 
jj Jj^._4A C5-^ ^JJlfuiLa^a ^jSjj^jj j Ia ojIj (jl jj-a jJjJ ■jLsj 1 g <nj j jjUI jl ojj£ jjl o-lac. <_)l5Liujl 

ul ^gjaljjj jLJXjjai jJ'VIj 4jjj<« (_glA j jllu£ jxaaj 



JJ_a<a J_9^ L^j^"" 11 j' ' " «A (_5>A ( aJJJ_jSJI jl Ojj£ 4_ui JJ jJJ ■'"' I 3 (jjJJJ -4 '(J>"^ i* "?• (j'_jJC ^J 
?LjoiIj A£ AjLoiJ j!i£l.la. jl^*-« J? (a "'.' < <_5^* f^yjj^-^ '°JJ^ ^- ui llti' j' .J ''.)?• J ^ tllljA^-a jj ojliluil 
-4JjaJ <j (JUl£ (jXaaJ >ljajl <_^ljJ J OJJJ ** 'J* .' t JJJJ ^^-a jAAaJ l^jluLa Ij ojIj AJljjj j (JUl£ AjjjJa 
I j (Jjajoi (_£jljj j|j*J '.'■"■" jJJ J^ljJ ojlui£ (_5J3j l-al .JJjIj jLp cs-^JJ-^ (Jlj5sJjui jl (_5-a^ Lifuij (_^Ia 
A£ i SjaJLa ^jjjlj (_^Ia (Jlil£ JJiaJ IA (JUl£ <_5-^JJ JJ ,'"'"'^ -^JJ l-g-jl ^'^ lull a a ^^Sjjy^JJ jjj£jj jj 

lalj (_^Ia (JUl£ jj /"'"'I jLoil Ia ;»jjjjSoI jjl <_£ jLai ojIjj ti"u»l oIj'j£ tliuij '.'■"■" jjj J^Ijj oj!ui£ 

Laj-aC. n"uiij*l jjjjoi /gJ^ V_a-aa-a ^j 4j3jSjj jj Ij (Jxajoi (_£jljj jIjxj ';■"■" jJJ (JiljJ oj!ui£ A£ 

.Jjji ^ ojlilo.1 (<_£jUI jb^lj^) LMS ^>i CiW^JJ^ 1 j 1 



?V 



lJ£^^)JlL3 ^jJuLui^AA i^jJ^ (J^i 



J.)' 1 '- L$ ' £ •"'' ' "J ' " j' C5' 4-i"- ^ Laj-afr jjliLoi^aA (_gl ^ a\ > nj > a .jaJJI.ijJ ,--a jl t_uljjJa j-^p jjj ^ 

L-SLj-alip aa aJ ■ aJ ■ a i Ss_j Lj <_£ jjoi Cljjj^a 4_j A£ o^jJ l_5LjjULuo1 aa jj^- i-£jlJ i-&J (_>aLai A£ IiLuA 

j (_^l A In AJa. J-%3 <-£-J " ' " j"' ^ JJ* 1 "' ,*' '"J"' (J^JJ Lh^ J^ .-^A-^ t5"-« UJ^ ■'''' I J J^j3 <c j-aa-a 
- jLajl (jj|j (3JfLj AJjl^)3 .AJjjoi {^a <_£ jLai o-iLll ij la al *' AjjjJa ^ljoiIj 1_j jlij3 i-&J JajoijJ Laa aJ i aJ ■ a 
,^j_j£ ^g.-a Clljj_k^a (_$\ A U-^ AJa. aJ udu t_ulj_kia 4_j <_£-ijJj jl^j-J (_£ jLoi-ij-aC. JajoijJ aa J.1C. (_^Ia 
(_^l 4_jjS 4_j CjIj JgiH a jlAJl .ijjul ^g.-a /gJt-m i(_£ jLioiJ^lxia ' " I g a i_X_JjjlLa ^1 g ''"'J J 4-jljl J-^ LuiLui! 
jli jl (_£jIAjL) ojLjj^ < (_£ a\-g *' ujj i (JJJJ <jljl jl (JjiJ ,Aj£ j J a i iaJ Ij »"' ■ aJ ■ a <J£ (_£jIAjL) a£ .ijjoi c_]Laljl 



1 Hammerstein system 

2 Static Nonlinearity 

3 Linear Dynamics 

4 Polynomial Filter 

5 Infinit Impulse Response(IIR) 

6 Step size 



FA 



jJi^J (jjl^)jLij t.lJjL JJ 1 '"' J^J °-^ ^"^ '''"' <_5^"* i*" ' "J ' " ^-" 4 * '"'°^ (jljJ (_5-« cs-^J^ JJ^ 3 ^ .-^W 

CjIjjI (jjlloij-aA j _>yj (_$Ia »'' ■ "J ■ " .Nl^jS o-ililuil JJ 1 '"' (J-^ 4 j' ,~' ' "•• ' " ^S £ r J'^" l J-' L^'^W '"'"'^ 

ilia uS LA (jl J.S 4_£ JJ 1 '"' ' ^ J ^ '.) ^ L^ £ •"" ' "J ' " iS 3~ "" U^-- 4 <_S'j-? u ; ■ ul J a (J^JJ ^-^ ■^ o.ij-£ 

.AlioiL ^^-a tAJl oAjoi 1.1a. ' alia a <_^lA Ajjj-a j^ j5L.}£j jl Laa i_5Lyjlip (_>^J J t-SLutlail iaa jj^- 

aJ uiiui (JA-4 jl 4_£ '"' ■■■! a J.' *"" aJJjjSUI l_Ss_j ^gj^aj ^IjlS j <_£ jLu o.}Lj o_aaJ jtJjJajJ La t VlA 
4_£ o^j-J 4Ja3La (jj^J J.)* 1 "' <_5^* i*" ' "J ' " j' LP-uLia (jjlioij-aA (_g\ g aJ > aJ > u _Ai£ ^^-a o^lilioil (jjliLoij-aA 

jl ^g-jljl^i ^La^^>jjI£ ..ijl 4_j3jS j'j-3 L^J- 1 ^ ^JJJ-k^a <J iV _^ (J£-lu .IJjLaA ' aa aJ uUm i-SLj L) 
(_g jL.uJ.la 4_J (jlj-J ^^--a Lgjl (jLj-a jl 4_£ .lil o-Ijoi <*"A.l j ■" jjj—al 4— J Li (_£j_ui J.) 1 '"' (_gl g aJ > nj > a 

ojLjI Ia oAii£ dlJj£i j ^^SjjjSjI (_^IAjjjIj^ i^^jjjJjjlJ (_g\ g a\ > in > i) i(_^l ojl_a&La dll^Aa-a (_g\ g aJ > uJ > a 



s(n) , 




*■ 




'• d(n) 


Static Polynomial System 






Dynamic Linear System 















,Ajl oAjoi <jljl (jjlialJ-aA ^LyiLaLlial tgjLulllul (_^I^)J t^Ljl^>ljL JJC. ^IgjalJJ jl (_^^I^XJ i(j_jj£L 
jjj j (_^l 4Xc>a Ai^ aJ ■ "J ■ " (jl j^ AS ajlJjjS ^--a ^)J I J (c-^JJ La i_SLjxaljL (_£Lg-iaijj (jLa j^ Lai 
(_^I^>J (j_ai£L <£ ^-jlg-iaijj (jL-« _J>^ .AJj>J /5-a o^j (JAaaJ (_JjIjSj iJlljjj^a <J ' iaa i— 5\ J ^1 n^ aJ ■ "J ■ " 

^w ' |l '. u u^jj lH% ^^ j C5^^' (j^'j-* ^ cs-^l* l^W^jj '-^' °-^ r jy 13 ^ ^ c" * "J * " Ly' <_5 j^ °-^h 

^jj lixa (^Ig-aluLlui <_5jJ _>J /-jLvujI *3 i(_£jl.}jL ^)iaJ 4JakJ jl > AluiL ClAj laa jjf - - (JA^j (_jlA jl-aljL 
^j^a-a jLutJ L j a£ IIR (JAa L^'^W <_5j'-^^ t^-^J^W U^ L)^ W ""'"'^ AjS^S Cjjja^s FIR (_^Ls jlLa 

ill o^_aJ 



AuiL jj j Cjjja^s <J ^°j;L"< jlLa ^gja.j^ai <_5-ijJj AJajlj Alj£ (_>aj3 

1 Wiener Systems 

2 Stochastic Gradient 

3 Finite Impulse Response 



d(n) = -y^a(n)d(n-i)+y]b(n)z(n- j) (3-1) 

.-I ' 7=0 ' 

A A A A 

z(n) = p(n)x(n) + p(n)x 2 (n) + ... + p(n)x l (n) (3-2) 

1 2 / 

jj _ALilj ^ (^inki jjLa (_5^jjj x(n) j ls^-JF- ^JaaLa. ujA? til ^*?> -^ f^- ^ M i^-jj^- 
j»jajj b .aiLoia n u^j j^ ^5%^ j^ L_jjl^jja i_sja^» K- (n) j <2j (n) 'Pi(jl) '^W ^Vij-« 

-^g-a I j V _ ^ A_Ll»-a t^LuilliuJ AJjIj3 JjJa J^ tj£j (Ja. olj (jlkil.} <_£l^>J tlA n A- 4 ^ L^I^W bn(jl) = 1 

A' A a M 



A A , . 1V1 A A 



d(n) = Z(n)— ^y\a(ri)d{n — i)+ ^\b(ri) z{n — j) 



(-1 • i=0 J 



N A / N AA M AA (3-3) 

= X P(n)x(n)- ^a(n)d(n - i)+ ^b(n) z(n - j) 

l-\ l i=0 ' .7=1 ■* 



(JjI^jjUj ti"unl laa IAjI^jIjL) ol£.lp jl j laa JJC. CluALa <_£ljl-i lA o^I^ _>iij 4JakJjl Jjji ClljLlC. 
(j^j£ ClAi) Lj A£ .ijjai ^g-a Aj^lj (jjlia-aA .AjoiLj ^^m (jjlioij-aA aJ ■ uJ ■ a (_£ jLai o^Lll (_£l^>J (Jl 0-ljl ^jUfr 

_^jS (j J a i <aJ I J aJ i "J ■ u ftuiU (jJ aJ u£j (jljJ (c- 4 .*' ■ "J ■ " )•} t_ uljj>ia jl U SLj ^)A 

JajoijJ aa jj' 1 '- tJXa c_ij|jjJa <j^J^ jjj ^ 4<<ali (j^l-; (jjl J-i oAjoi <jljl ^-LnJaJ jlij3 <— S^A 
jlj£j jIj ^>A j^ (_^l A laaJ oAjoi o^j (jq<aaJ ^1 laa AJJ-a ^£ (_£jjJa 4j .LulLl ^g-a ^^l (jLj^ljS (JJJJ 
A£ ^Laj (j^ajA^xkil (^jic- '<_^l 4 U> .AJa. aJ ■ uJ ■ u jjj <J <_5-ijJj (JUSLliai <j-i^ ^_4-afr Lj .AjIj (jiiAl£ 
(_^I^>J . \? ''"'"V ^jH-t I J .*"' ' "J ' " ^IjSLaA jl-J3j (jljJ t5-« '•luiLj VLl <lij-a jl laa jj' 1 '- t_Ss_jjULuoi aJ ■ uJ ■ u 
(_^Ia (JUSLlu) jl^^>J ^ JajJ^a ^^SvJLoixaA ^_^k (jjjJjjLa idboil Vlj JJ* 1 "' ^J- 4 ^ u^m" a 



idxul ^Jilai lS^JJJ JLiX^i <^ ^pljjUj j^ ^gia. x(n) = 



z. 
x(n)x(n) 2 ■ ■ ■ x(ri) 



LS^JF- 



4j (_^I^>J ^-ilLa. (jjlia. (_5jJ U^H ^ L^l ** ' ' " a ">Ajoi <jljl (JJJJ )J .^jl-^ CS J S jal J °Jyj J^ - ^' 4 yj jluiS 
JJR aJ i "J i " Jjj i0j2>lc. <J 4 Ciuil Aj3^)S jl^>3 UJ J I^^J^i ^JJ^ '^jl-^ jlj^ t_ljljJ>ia (j-ij^ jjj 



1 Autocorrelation Matrix 



(jjjj jl ,fci!j JJ .Ai£ {^a (jj a i iaj I j aJ i "j i " (_£jIjjL) tdl£^p. ojljjl Ajlijj LpJ? J^ 4j ^ u°.). ' 

,JLnJaJ (_jl 4U) jja. aJ ■ uJ ■ u jj j 4_j <_£ Jjjj <_^lA (JUSLloi (^ jLai .LaljLLa (_£l JJ A£ Ij ^^-^JJ V _ Y (J£joi 
-(JUSLlial JJJjJ ClLOjall _ ,»i^p jLal-lalxia (_£jj£jl£ 4_J jl L_SJA , JA J^^-a (jLatJ Clull OJjal AjSjS jiaj J.} 

fi£L 4lib a£ ClJ <_$! <jjS <j vi(n), v 2 (n), . . ., v L (n) c5^ 



E{v(n)v(n)} = 



(3-4) 



^ .(n) s^Ijj^ O-^ <J^=^ ti— s^A .jjaj ^ (jiuijj 'Ij jjjjj oA^ ojh (jiuijj {x'(n),/ = 1,2,..., L 

, aAj (_3±aJi ^j-j^. 4-yj^J Ij V 1 _ f AJjU-a a£ diuil ^!<JjS 4j 



x(n) 




X 



« 2 (n]_ 



01,2 (") 



+ 




X* 



R 




g t (») is ^ «?i(n) 



ffi.sWY P2,3 (" 




+) > 



V2\ 



(n) N * "frt") 



tf 



L+ 






ffi,L(n)Tffi!,L(njT&,L(n). 
x L {n) ~A\ .7f\ .Tts^Wrs/ w L{n) 



+ 



+) 



+■ 



"-V- 



a ^ ^ 

JJ_4^ Z(ft) CS-^ -4 LS^J^^ clPjj' '"'"' \' C^'j^ " " 'J " '" - ?'J^ JLulJ-alxia jl ^—^j^k ^l^UXjjal 

jjjj£ ^g-a jl j3 o jliliail 



1 Lyapunov Stability 



M 



A A 



Z(n) = T»(n)v.(n). ( 3 " 5 ) 

Cfi** ^ " J(n) <^ <^i <_s l ^JjS <i bj(n) j a.i(n) ' W;(n) s^l^a jjjS jjj <j t L> lj^a 

A£ ftjlmA (_^i ^liji (jLpl^p -JLnJaJ j»jjjj5oI (JUJ^ 4-J La (JjI^jUj ..liilj iiL^_)J <JajJj-a ^ljoiIj (JUSLloi 4_j 



J 



A A A A A 



a(n),- • -, a(n),b(n),b(n),- ■ -,b(n), co(n),- • •, coin) 



N 



M 1 



[d(n) - d{n\ 

ap 



(3-6) 






A A 



M 



A A 



d(n) = -£a(n - \).d{n - i) + ^b(n- l).z(n - j) (3-7) 



(-1 



./=! 



• M I - A A A 

•^4 cr« JU J* J 3 ^ <£>(» J b.(n) <-a.(n) 

e i i 



A A 



a(n) = ain - 1) - // ,(n) 



Z I 



d(^[J(n)-J(n)] 2 ) 

2 «p 

da i (n - 1) 



dd{n) 

a(n — 1) + ju.(n)[d(n) — d(n)]- ' 



da, (n — 1) 



(3-8) 



d(hd(n)-d(n)T) 
b{n) =b(n-l)- ju (n) — * s ^ 

■>' ■> N+y dbXn — X) 



(3-9) 



Z?(n-1)+ // .(«)[J(n)-J(«)]^r^ 

■> n+7 «p dbj(n-l) 



M 



d(Ud{n)-d{n)f) (3_10) 

0){n)-co{n-l)- /u (n) — - — 

1 l n+m+^ dw^n-l) 

A 

d din) 

A A N ' 

= <wO-l)+ // (n)[rf(n)-rf(n)] — — - 



ijjja CJV.il*-» j^ . ^.( n ) j ju N+j (n) j // N+M+ i>° J 1</<N j ° < j' < M j \<l<p j 

(_^Ia Ajjoij j Ail oAjoi Aj3jS jl£ 4j ,Ja.uLj j»JJjj5UI JajoijJ A£ Cluil ^lA *& ojIajI L_S^>a-a l& U, (jl) 

A A 

dull Jjj Cjjja^s 4j a ( n — \\ IJuA ^>J din) L^'^W CS^3^ ' " d ° ' ''"' " W 4-J-^-*-« (J^> .ftJ*^ t5-« JajoiJ 
i ap 

d l {n) * ., $« u dd(ns) (3-11) 



da(n-l) s=1 da(n-l) 

A A 

dd(n-s) dd(n — s) 

— «— ; 1<?<N 

3a(«-l) da(n-s) (3-12) 

A 

QP V y _ dd(n) . 1 < ? < N 

Sa(n-l) 3a(n) (3-13) 

gj(n) ^ ., v\ nM«^ 1^-^m ( 3 " 14 ) 

— - — »— g(n — Q — / g(n-l) — , 1<«<N v y 

da(n) s=1 da(n- s) 

' ' ftU^ AjLauJ (JJJJ 4-J 

(3-15) 

— ~-z(n- j)-^^"-!)— , °<«<M 

9&(n) s=1 s db{n-s) 

j i 



ir 



dd(n) 

ap 

A 

d coin - 1) 

i 



N A drl(n-<:\ M a a d 6)(n - s) 

-Xa(»-D ( " Jj +£fe(n-l)v(n- J )^ ;1<^<L (3-16) 



5 a»(n - 5) s=1 



3 &>(« - 1) 



jjjljjjjj jjj (^IgJJjii j AiaiAl jIjj^j JgJ. -^^ fti' ojj£ L>°J^ C>^ lijl aA 



dd(n-s) dd(n-s) 

A A 

9&>(n-l) 9<«(n-5) 



dd(n) a j, , 



3&>(n-l) da>(n) 

i i 



d coin - s) 

t 

A 

d co{n - 1) 



(3-17) 
(3-18) 

(3-19) 



-1 






N 



0(n) 



(j){ri) = y/{ri)- s a(fi— l).^(/i — 5") 



dd(n) dd(n) dd(n) dd(n) dd(n) dd(n) 

A A A A A A 

da(n) 8a(n) db(n) db(n) dco(n) d pin) 

1 N 1 Ml , 



(3-20) 
(3-21) 



Jjjoi (_£-« 6 jl j jjj 4Jajlj JajoijJ Cjlc^/Ual jl JJJ j 



^>(n): 



-d(n-l)----<i(n-N) z(n - 1) • • • z(n - M) V 6(n)v(«- j)-fl)WN(B- 7) (3-22) 
ajj£ ^^-a ^gija-a jj j dljj^^a 4_j lj lA jJ^aljL) jl jjj l_jjjjj (jJ-aA 4_j 

^ (")-i ( 3 - 23 ) 

j»jj|j ojIj jIjjj (_5^ J 



0(70 = 



A A A A A A 

a(n) • • • ain)bin) ■ ■ ■ bin) coin) ■ ■ ■ coin) 

1 N 1 Ml L 



if 



H(n) = 



d(n - 1) d (n - N) z(n - 1) • • • z(n - M) v(ri) ■ ■ ■ v(ri) 



T 



(3-24) 



e(n) = </(n)-H(n)0(n-l) (3-25) 

0(n) = 0(n-l) + A(n)^(n)e(n) ( 3 " 26 ) 

A(n) = diag[ J u 1 (n)---ju N+M+L (n)] (3-27) 

juj£ ^g-a o^lilioil jjj Cjjja^s 4_j jlijS oAjoi ojjjLojJ .a^S jl t,JLnJaJ jlij3 ^IjSLaA J^3j -^Jfg-? L^'^W 

0\n) = 6{n - 1) H : en (J-zoJ 

S + H(n)A(n)0(n) 



i_5\-^j£ jLjj^J ^I^C-I jj jAuiSj jl (_£jj£jla. jl .jjjjl£ j o^jJ i_S\-^j£ du-ba dulii ^^C. liL 5 j' J-^ ^£ 

£ = ci'jj oA ^ °j^»jj t_jUaJl jjI .A^b LffM Cixal t-S^j^ ci^^ H (n)A(n)(p(n) ^ gr^ J^ 

Clulgj j^ .AjoiLj ^g-a t_uljjJa jl-ijJ J^ (J2>tlkl jjjjfL^j£ (_^ljl-i toAioi o-ljjSjJ dljljc. ' liLuA (_^l 4 a^UJ 
jl-ijJ (jjLjLa J^J*J W J^ j^' .r^^ CS - * *^ *"*■"' t_uljjJa j^J^ jjj ^ ^J^ C^^W j-^J^ 1>"JJ j' 
(jjiJjjLa _-}^yS ,—a dlj_jj^a dllc-^/Ual j'jjj ( _>JLaLlA& .j_ai». (jjjJjjLa (jjo_jSa-a la ■ aaJ L-jjIjjJa (jljljsl 

^_jjoi ^--a 4-iLuLa^a JJJ dlj_jj^a 4_j ''■ jj£ j' : (jijj jl R(n) 

/?(«) = A/?(« - 1) + (1 - A)(f)(n)(f> T («) (3-29) 

-/a- 4 '"'■" \' ''■ jjS jl J dljjj^a 4_J (jjiJjJLa j-ijS (jjo_jSa-a aJ la ■ aaj jl (jjo^aS»-a _'"'■"' o < /t < 1 jl J-i 4-^ 

.-1/ \J/ \ j;7V \r.-l, 



jg- 1 (n + l) = i(^- 1 (ii)- jR ; WW(w)ig " (yl) (3-30) 

+ f(n)R~ 1 (n)^>(n) 






1-1 



.^jjoi AjSjS jLj j.}/? '(« + 1) JJ^J ^-J -2a_4JJ-« CllUa^.!>La Ajb i V _ V • AJ^la-a <_^ jLoi o^Uj alXiA j^ 



dd 



A A 



m = «„-»+ M f m e(n) (3 " 31> 

8 + H T A(n)<f>(n) 



(_£ jLaiAauLLa oIjaA Aj (_£l A-Laa Ala. ■>" i uJ i u JJJ Aj l£-^JJJ L5 j'-"- AalsLLa A£ Aoij ,_«a S^ 1 ^-i ^J^ 3 C)i' 
L) ^IgJUl^ jj. ^-v j^ ^ja. ^VIj jLlLaJal duLlJ t(jjjjj j.ij£ jjj Aj <_£ jjljloil JajaijJ »Ju l^lg-a 

..}&.} ^^-a La Aj VL J.)* 1 "' AJJJ-* 

(_j! 4U) Ala. aJ i "J i a jjj Aj <_£-ijJj (_g jLmAalxla AJjlj3 j.} (Au A u-.^i ^ V _ Y (JSjoi j.} a£ jjJajLaA 

v(n) = x{n) (3-32) 

i 

AJjjoi igA A-luila^a JJJ dl l jj^a Aj AalstiLa (_£l& (JuSv-Loi <cJijLa 

K«) = /(n)-Xg(n)K«)^ = 2,-,L (3-33) 



(_j! ^Loij jjj Aj <_£ jJljluil idioil .jj-ac. La <_£-}jjj Aj Aligj I laa A-JJ-a jj>Jlj-a (JLoLjjui a£ ,gjLaj| jl 

.jjjai (g-a o^l^ jjj dljjj^a Aj jjl jjj j»J3 g 2 (^) (jjiAlS '"'^ a jj A£ 



A A 



^(n) = Jc < (n)-T^(n)v(n)^ = 2,- ■■,!,, 7 = 1,^-1 (3-34) 

A3j1jJ jjj i_Jjjju£3 Aj "*'j" luI _ al jS jKjoiJIjjj Aj JajJj-a (-JjljjJa ^Luij jjj Aj <_£ jjljliail jjIjAjj 

A A zy • (ti} a 

# („ + 1) = g (n) + d— — .e n (ri).v(ri),£ = 2,..., L, j = 1,..., I - 1 (3.35) 

J J O a + <T(«) 

a2 _ 

Jjjoi ^g-a Ajjoila-a jjj Cjjjj^s Aj <t(w) J '"'/'" djlj t_ljjkia i£u A l& jl jj A£ 

a(n) = X a(n - 1) + (1 - X g ) v(«), y = 1,..., / - 1,° < A g < 1 (3-36) 

(fji) cjs;j^ o 1 ^ 1 4 jL ^" 1 f - r 

diuil jjj AjjJaS taj£ j J a i gaJ Ij HR aJ ■ uJ ■ a jjj jl-ljlj 3j£LaC A£ i^A9 o jlAJl t_iliajl jjoLuil 



if 



X s (n + l) = A(n)X s (n) X s (nJ = x (3-37) 

ill < Q(n) < pi (3-38) 

A T (n)Q(n+l)A(n)-Q(n)<-yI (3-39) 

L^'^W T)I < Q(ft) C5^ T\ '"'.'"'" dulii >i_ja.j Jajjoi .AlLoiA ij la a j Clu-La tdlAj yj p t jl Igjl j^ A£ 

^Ui j U n f 1 ^ (J^jitj II X ll 2 < X T Q{ri)X <Wj j^ dulo T| ^j?>j <-sjj*J J^Ij" <U n f 1 ^ 



S(n+l) = S(n) + n(n)<p L (n) (3-40) 



<p n (n) = (AWR'Hn + l)<p(n)/(8 + H T (n)A(n)(p(n)e(n)) 

jaj£ o-ililioil (_3j3 A j i gaj jl j a^^fi '"'» a (j;\ ■ ^* j»j3 4_j (JJ^JJ I J HR J^jS ~j°*' ■ u a i^)3 (jLjJ (jljJ <_5-« 

X s = A(n)X s (n) + B(n)u s (n) (3-41) 

y,(n) = C(n)X s (n) + D(n)u s (n) (3-42) 

l$j| j^ a£ 

X s (n) = [d(n-l) d(n-2) . . . d(n-N)] T (3-43) 

u s (n) = [z(n-l) z(n-2) . . . z(n-M) v^n) . . . t? L (n)] T (3-44) 

y,(n) = [d(n) z(n)] T (3-45) 



Direct Form Representation 

AY 



A(n) = 



—a^ri) — a 2 (ri) ... — 



1 






1 











&N-i( n ) ~ &n(p) 






B(n) = 



\(ri) b 2 (ri) ... b M (ri) WiCn) 
... 

























... w L (n) 













(3-46) 



(3-47) 



C(n) = f~ ai ^ " a 2(n)... 







a N -i(ji) - a N (n)] 











(3-48) 



D(n) = 



Si(n) b 2 (ri) ... b M (ri) w^ri) ... w L (ri) 
... w^ri) ... w L (n). 



(3-49) 



Aj£ o.}jjIjj ij jjj (_5jLaLaU AjLj fl+1 j n <_5^-* U^O J^ ^-r^J^ 



||vec[Q(n + 1)] - vec[Q(ri)\\ < 1 
vec[Q(n + 1)] = -|>4 r <g) A T - / Af 2]- 1 vec[/ w ] 



(3-50) 



(3-51) 



(jja. j^ .AjoiIj ^g-a j£^jjj£ t_ljj>ia ClLa^/lc (x) j AJA^ jjS ■"'"' ij ^-jjlui ji-^JJ ^1} ^£ -^JjJ^ <_5-« j'j^ 

iLaJl jjj ClljjA^a 4j ' ■ ll aaj) jjt _Aij£ o.}jjIjj Ij 6 • (_£jLaba U a£ .AiijL) (_£jl.}La a-ajj£La Ij j Aloilj 
to^j£ 4jjoiLa-a Ij cL- (_^Ia jl-aljLl Aj^i. jJ.}LLa La j'j^J jA j^ oAjoi o^l^ j»^3 ojl-ljl jA (_^ljJ !-^J^ cs- 4 



Kronocker Product 



UK 



6 • AJjLua Ljl A£ jaj£ ^g-a ^^joijjj (JjJJj^ .r>^^ ls - * ( ■ ^ '"^ 'j Ve(\Q(jl + 1)1 '^ ^ AJjLua jl ojliluil Lj 
ja.Ij ojjIj (JJJJ *' ■ "J ■ " (_^1 ** SaaJ (_^Ia ' ■ l laS .»Laj A£ jj£ ^^-a j J a ■ iaj j»jjjj5oI jjl ,4j Lj j Cluil jljSjJ 
IjyY(^j) JJ l& aJ3 ojljjl La oj2>Lc. <j /"unj'i l& L_lJa3 (J^a J.la-a <j-ij^ ^1^ 4-J jLjJ (JjIjjUj t JJjoiIj 

;^j£ Cijla Cijlii 4j 5 jl jj a£ 5 + H T (n)A(n)(p(n) > <&uj^ <i ^ ^ l£aI£ 

Jjjoi ^g-a (jJAiiaJ (_5-i*J t JjLaJ dulii jljjIjS j'-^W ( ^*^C- ^£ -^ <_5-« (jj < ' ^' 4liuia jjl o < /? < 1 

(A(n)R _1 (n + ^ '^ J J °^ u 1 * cp n (n) W j^iia ^j^ j 5H T (n)A(n)(p(n) > 

A£jjjJa <j t jj£ c_uIja ^p^^i Cxa^ <j Ij t-ul^ia l)(p(n)/(5 + H T (n) A(n)(p(n)e(n)) 

,JAJ ^g-a (jiiAl£ ' JjJ j»jjjjXjI L_SJA A£ jjJajLaA t j!j£j jLj jA jj Ij <_£l 4 laaJ ^^Jjjii ^1 aa /*-JJ-« 

pxJajoi a-ajj ^g-a 4j Ij j»jjjj5UI ^IjSLaA (jljJ <_5-a t JJluA ^ jl jjfLi.j£ lj£j«a A£ R du-La jjjlia <_^ljJ 

. JJluiA Cluij jj j»jjjj5oI <_£ jLui ojLll <_^ljJ (O^ CjV-iLx-a iLaJ (j_aJ^I .^lj (jl-»-iJ Ua^ 

, J LuiLa ^ , _^ ^^ Li £-V 

j|j*j (M jl ' iaa aJ i "J i " jjj i_5\JJji c_uljjja j|j*j tN r>^^ c^- 4 L>°J^ jlu'uj ^^SjLui (_^ljJ 
.AjoiIj (jUI (_£jLoba lj j Jj£jjj (_£l 4U) jj^ aj i "J i " jjj t_uljj>ia j|j*J L jl J J-^ lAH t_Ajlj-k^a 
ijlj£j jb jA JJ /gjl lull a ^ CjLlLaC. 0(N 225 + LN 2 ) -iaxajj jjljj ^^m VL JJ oJjoi Ajljl ;»JJjj§JI 

g j_axi (_J jboi ojljJ 

0(N+M+L) cs-^^ u \^J. ^ '"'.'"''' <fuila^a (_gjluLlJ jIjju 4j jljj ijaJJjjSol jl ( " 1 ^ > aS 4joi jj 
,(j!j£j jb jA jj) jjlj (_5JLui ojUj (_jljJ CjLiLac- O(L) 2 4j jUj CllLa uj| >ljS jLuiJ-alxl-a .Cluil jljj 
(jjjjjjLa 4jjoiLa-a 4j jl_lj jj£ jj " ■ iaJ Ij jaJJjjSol (_£jIjjL) A£ (^j-a-iS o jljjl (JJSL LS^^ _??•'''"?• '"'L 
j' ^iV - <i jl jl^uj j oJjJ ^-^J^ lWJ^-* U^l ^ cP^' j' . J j' J [^4^ (X) ^4^ — /^z] -1 <_>ij£jt^ 
Lj jJaLiLa ^ lull a ^ ^^ \)^.). W 'j lWJ^^ 4 ^ JJjIj -^»^J t^W^JJ '-^j'jj •— ^) J J ^>* J J J^= J^C. 
R l (fl) 4_luiLa-a <J JajJj-a *^ lull *■■ « ^^SjjiajJ >jjoi (_>tkj _jjj£ ^m (JJJfi ^gjJaljj CLlLlLttC- Q(N 2 ' 25 ) 
(_^Ijj ^SJ-" 1 <_5^* (*^J_r^' . J J-"> t5-° " ^ °' ' "^ t_ijlj-k^a (j-^J^ JJJ ^i LS^^ (j' ^* ?•/''' j' ^ ^ uil ij " 
(jjj£ jjJ ^J .JJjoiIj ^g-a j_aa._a^ ^^jJaLjj C-lULaC. Q(LN) W ^^-lutlaA j_aa. (jjjjjjLa <j-ij^ (jjj£j«-a 
jluUj dlLjlafr 0((N+M+L) 2 ) ^-^ <J jLjJ CLboil oj-al V _ V \ AJjU-a jj A£ jjJajLaA it_JjljjJa 
AiJI .J_4joi jLu <JjoiLa-a 0(N 2 ) L ^JljJ ^g-a (^JJJiJJ (JjIm < A^ jL<N dll^ajjA-a b .Jjlj 



i^ 



_'"'■"' ojjaij » " Ll i "' (jjjJjjLa (jjo_jSa-a 4-ijajLa^a jj 

Ij la a l£-^JJJ l£U ^ Jjja-a ,_a.j^)a. ,»jjjj _J>i ~' ■ "J ■ " (_£jljjlj ,—iaij^J 4_J (J^aJ (jjl jj 

.j»J jbjJ (^ <Uljl jj aJji ^J*-* ^ iaxujj t(BIBO) 

jjj Clulii j a j la a jjjlia j JjulL] ^Laj j'-^-] tdia.l_aj£j JJJa 4-J V_VV Laa djJla AJjla-a jSl 

||B(n)ll< C B , ||C(n)|| < C c , ||D(n) < C D (3-52) 

. jjj JJAlja. BIBO j'-M- 1 t - L =^>^ JJ^ ^j jjj f T jfl dilla. OV-iLr-a 
jI^jLi ^Laj J Clia.l_aj£j JjJa <j V _ VV (jSLaA aJ ■ "J ■ " A£ jj£ ^^m yJ a ■ laJ *J3 o jljjl AJljjj t_]Lkjjl 

Lai ^jjj (^jI^cI <j Ij D(n) ' C(n) ' B(n) j^^-* L« tV _ <SY jj.Ljl^i y.ii ojjjIjj (jljj .a*jLi 

dluil oAjoi (_>a^>3 .dlui) ojjai c_)Lajjt ) • • Ij JjljJ jljia (jjl t<_£ jLai AjJjoi jj .;»jj£ <_5-a Jjja-a (_y*-« 
AJjla-a liL V<i jj t_jjljj>ia <jjj£ jjj ^ AjjIsua .AjoiIj Ij la a j^aa. (_£jja. 4_j X(ll) (_5^JJJ (JLoLlui 
^Laj 4-aJOJ jj AuL) ^g-a jljjLl ti_SLa.j£ ^l^ o jljjl 4_j (_$lA *J3 o jljjl (_^i^>J A£ 0J_aJ FIR f~J^ j' J-^J 3 

z(n) = w 1 v 1 + — h ^jj^> <j z(ri) er^ ls^jj^ .^Jt ^i*Lp> ^j^^> v(n) lS^ J-iSU^ 



n 



jjj lA 1/(72) J '"'■"' oJjoi Ij la a (_j-aa_ioLa jJJlLa U (o{n) ^ <S-^-?J' j' .-^J- 1 ^ 1 cs-^ 4-luila*a VV {?. 

e i 

j^j JAl^a. 1 j la a j^J z(fl) ' IJluiA Ij la a 

jjja^-a Culj ' IJlmA BIBO j'-^^ ( — ^'j^d ^-lj_a*^a <J A£ f Y j f ^ |j ^ dula uVjIj" l^'^W 
CJLi. ^cjaib 4 U s {ri) LS^JJJ JLiXjjuo jA j no U ^^ ' '" , n 'Mj' U^j J* Li'jJ ^ Aj'^ -^j^j LSJJ^ 3 *-i T) 



suplly s (n)|| < risup||u s || , n > n (3-52) 

- LS^JJJ J^J ^ -^ CS- 4 j.) ■" ' ^' ^-^>^ BIBO <_5j'-^^ U^'^W^ .^Jrf^ j'j 3 ftJviluil JJ_a-a (_5-^JJJ 



homogenous 






fM 



<£ jluj <ui^ ^cjUj :^jl^ o^j 



<jljl Jjjjaia jJluS ij£LaC ^^J-JJj' J ;J*?- "'"' (_5^ ^ .lixlva (_£l& <_£ jLoi 4_lliai ^cjllJ I'um^ (jjl _j«i 
■xul1i.ii iiL ^gjLuillui Lj jj£j^ Ia (_£ jLoi Ajjjoi j»Laj .^A-i (_5-« <jIjI Ij ijl Aj3j jl£ Aj <joi <_>^i-J _j«i oAjoi 
A la» a (jj-^j JJ <i "- .*" ' "J ' " is^J^)^ LS^JJJ ^-^U 'UJ' lA^O' J"^ .ALaiU /,-a AUkLLailJ ^jjULai^aA 

dim) jj j Cllj_jj^a 4_j 

z(n) = 0.4x(n) - 0.3x 2 (n) + 0.2x 3 (n) ( 4-1) 
1+0 f z " 1 (4-2) 

CS-^J^V^ (JlJSLlui 1_J jfij~a (jjijljjl j j (jjSLjlj-a 1_J jj_jj * J"?-' JajoijJ ,JLuLj jlij3 t_ljiia-a fuaiL) (JUSLlui 
..liujlj (JJ3 ^ ' _>?'^W CS^J^V^ ji_^ ^ (JUSLlui '"';■"'' A£jJjJa Aj iCliuil 0.1«l dim 13 <CLkliiaiU aJ ■ "J i " jl 
0.19 U^^j'j J ^*-*a (jjXiLla 1_J dlkl_jj£j (JUSLliai i_5\J J^JJC- JojoijJ JjiJaia J^j3 Aj (_£-^JJJ (JUSv-lui 

t"unl o.lal CLlui^J jj j jllj3 jl 

H(z) = 1 + 0.95z~ 2 (4-2) 

,gluj£jlj (jjlij _j«i (j^O W J^*-^ 4 (*-^ e j!«ijl A£ Clluil dljjA^a (jjl 4_j ,JLuJaJ JJLU3 (_£ jLoi o.il-1) oj^J 
ojl-ljl ..ijjai (jjj-alj V _ <i » JajljjJi j.} i^g jlgj ujj i »^^" JajoijJ lj j a^jj n = 1,5 X 10 5 ( a -SJ^- a L^'j^ 



oAjoi (j^a^)35 X 10 ^^ J ( -^ J j^ .lalsLLa t_uljj>ia (_£tjJ a^3 o jIajI .ALoiIj ^^m n = 1,5 X 10 5 ^W^ 

aJj! jIjL» ..ail 0^^^2 = 0.95 j /? = 0.9 '^=0.99 '£ = 10~ 3 '£ = 10~ 5 hr^J 3 U^* <i > ( 

R 

L-lLaJ <£ dluil oAjoi ^^j^ljJa 1£ ■'" 4_j aJ i "j ■ " AjJjI i " u\ a .dboil oAjoi 4j3j£ J-^J J-^ G 1? . (ll) = 10 ^Hjl 

jAx^a ^)jl^>J (_$l 4 !<>•> ■!%■ t_uljj^a AjJjl jl^La j Aioil^ Ji^jfi l.lxa j^ laa aJ ■ uJ ■ u jjj (_£lAjij^a j 

t ... A 

(_^jjoi (Jjjjj t " 1 ■« > a3 j jLaiA^lxia BIBO <_5j'-y^ u.) * ' ^' '"'m ? .-^j^ cf* uj * ' ^ ' ^"^ cs^-^j s-y^j^ cly' 

jjaj j.} jjoi (JJJJ t_uljjJa j jLoi .LaljLLa JjlL-a jl^La (_5^J^ CS-^W * \j) w * ^S ' U 'J. ' CS"^*^ J-"^ 
<joulLa dluil oAjoi o^lilioil (j-ajl£ J^lj3 jl (jl J.S A£ (_5-^JJ ^-J '(J^JJ (j^ -ij^J-aC ^gjljl^ 4 d±uil oAjoi 4j3j£ 
(_£jJa3 (JjjJjjLo i_5\J i(j-a]l£ JJij3 ^J-J ^ (J^JJ J^ p(n) Lia^ (jj*jljjljj£ (JjjJjjLo AjJjI jl^La .^jjoi ^^-a 
A-JJ-a (JjSLjLlo A£ Ajl oAjoi t_iLkij| (_^l 4jjS <J lAjILaljLl .Ciioil a^jj f. W^il ^>Ja3 (_5jJ * /* * ^ J^-^^ 4 W 

,^A^ ^g-a (jLij AJ^jaJ ^ <i • • • (JLoiji Lj j»jjjj5UI j^ jA (_^lj-J I J uak A-JJ-a (jjP-jl-Lajl^La t ^ _ \ (J£joi 

r31-^-^ cs- 4 (j^- 1 ^ 'j t*^JJ^' J^ J^ L^J^ 4 ' i"i1 . ^-^ ■" /« t ^P _ ^ <Jj-^ .-^J^ 
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H(z) = 



5(z) l-1.3334z _1 + 1.6667z~ 2 -2.665z~ 3 -l-1.9666z~ 4 
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l^jjj <Jajlj .jjjb jlja Z 3/4 - 0.5 ± jo.5 jZ m = 0.8 ± jo.2 lS^> lP^ J j f^^^ u£ lS^a hr^S 

jlLa JajoijJ ^^joijIS ^J'"' JJ>J ^ij (JJ jbjJ JajoijJ A£ Cluil ^^-Jj (^-^J^ (JUSLlui i Ss_J a£ l5-^jjj 3^ 
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djljuia 4£jjLa. jj tjjjjji ^A IjSLaA JjljJ W^_>^ f - ^ W Coin) jb(n) diljuia jjjji ^g-a 4 U-N.N * 

* J 

JajoijJ ajii ojljjl c_]Lk2j| A£ IJlmA ,jl jXjLij £cjllJ (jjl .jjjjji ^^-a IjSLaA jjxjjjoi (_£jj.jjs. Ij q(^) 

z 

Vj-aa-a A£ ^LaJl jl _Ajoi JAlji. ^gillLj JJJJ3 IIR *' ■ "J ■ " jl-^-i jj£la& 4_j $*"■" V _ & • AJjla-a 

.JJiuiA ^l^.j£ lA aJ3 o jljjl AjjjI jljLa iduil i_£jj\j Ua-i. 4j]jI t_yj£i 

jj£ ^g-a Ijjj (_gjlu'uj jj-aj ^Laj i(_^l 4U) .lis. aJ i uJ i u jjj 4_j <_£JJJJ jl-^W (_£ jLuiuvalsLLa 4 >'< ■ a " 
A£ dull (JJJJ (jjl 4_j A h i " a (jjl ..IuiIj Aiuilj JjVLj 4ji.jj Ij ^J-a 4_j jl_ij (_jl 4U) jia. aJ ■ uJ ■ u jjj a£ 
aJ i "J i " (_£ljJ (_£l 4.Laa jja, aJ i uJ i " JJ_) 4-J L^-^JJJ _j'A^ /-XluiXaA JjA. (jjjJjjLa ojjjj jJJlLa (jJijiuiS 
aJC. jj j jLaiJ-alxia jjjJaa. jj ( _ s ijj]aJ aJ ■ "J ■ " i Ss_j 4_uijlLa (_£ljJ . JjuuIj ^g-a jlu'uj t jj^Ij 4j^jj ^ <_5^* 



z(n) = lAx(n) + 0.7x 2 (n) + 1.2 3 (n) + 0.9/ (n) + 1.2x 5 (n) 



(4-4) 



(J£joi jj _aJjj£ ^g-a ^>JaJ jj Ij Jjjoi ^g-a 4jljl f _ Y AJjla-a JajoijJ jl (JjAii /ulj A£ laa aJ ■ uJ ■ a l_Ss_j j 
oJjoi ojl j (jLutJ AJjaJ <i • oj^JJ (JjJa l-J JJJJ3 jj (_^ljJ (j'3*^ °_>?^ iS^ ^^ (j^-^^ 4 jljia f - d 

(jjjj jj AjoulLa Ij .dull 4j3jS dljj^^a j\ij (_5JJ^ (jjKilj-a (Jac. ii_a2>likl J%J (jJJuaJ dj-a .dull 
-(--a 4-mjlLa (_Jjl3 ^-jljSLaA LJC jui <£ Jjjoi ,_«a <iaja.2)La 4(_j jLoia-auLLa ajfr j <_£ jLuiu-autiLa jj *'*'.'■" 
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